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Abstract 
 Polymers are widely used across the globe in applications ranging from construction to 
biomedical, with increasing usage as time progresses. However, despite their prevalence polymers 
can be highly flammable materials, and though this may be combatted with the use of flame 
retardant additives, the additives themselves may have a detrimental effect on other properties of a 
polymeric material such as its aesthetics or structural integrity. One solution to this is the use of 
flame retardant coatings which are applied to the surface of a polymer, instead of additives which 
are incorporated into the polymer structure. Due to their surface application, flame retardant 
coatings will not affect the structure and thus the properties of the underlying polymer. 
 In this PhD, a novel poly(vinyl phosphonic acid) (PVPA) based flame retardant coating was 
synthesised and characterised using Fourier Transform Infra-Red spectroscopy (FTIR), then tested as 
a flame retardant coating for both glass fibre reinforced epoxy (GRE) and poly(methylmethacrylate) 
(PMMA) under a cone calorimeter. The PVPA based flame retardant coating showed an impressive 
degree of flame retardance, lowering the peak heat release from 692 kW/m2 to 233 kW/m2 on GRE 
with significant intumescence of the coating. The coating was further tested for the adhesion to the 
surface of the substrate using a tape pull test, and for its durability in water using a water soak test. 
Whilst the coating showed good flame retardance and adhesion to the surface of the polymer 
substrate, the performance during water soak testing was poor due to the hydrophilicity of the 
poly(vinyl phosphonic acid). Further modifications were then made to the coating in order to 
improve its performance during the water soak test, the modifications made to the coating included 
the addition of additives and co monomers as well as the application of a secondary protective 
coating over the flame retardant (PVPA) to prevent attack from water. All synthesised coatings were 
tested using cone calorimetry, tape pull and water soak testing, as well as thermogravimetric 
analysis (TGA) and FTIR in order to provide further characterisation. The monomers, additives and 
top coatings tested were; dimethylvinylphosphonate, dibromostyrene, acrylonitrile, 
polydimethylsiloxane, magnesium oxide, zinc chloride, calcium silicate, chitosan, 
hexamethyldisiloxane, tetraethylorthosilicate, calixarene, vinyl acetate emulsion, commercial 
waterproofing spray, cellulose nitrate and cellulose acetate. 
 While some improvements were made to the performance of the PVPA flame retardant 
coating through the use of additives, co monomers and top coatings there was no significant overall 
improvement which would render the PVPA coating suitable as a flame retardant coating with 
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reasonable durability, with many of the improvements in water resistance resulting in a significant 
decrease in flame retardance. However this still leaves the path open to further research, with 
further possible modifications and combinations of already tested methods. 
  
5 
 
Acknowledgements 
 
 Firstly I would like to thank my supervisors Professor Baljinder Kandola and Professor John 
Ebdon for allowing me the opportunity to take part in this PhD and for their input and support 
throughout this project, as well as Chemtura Corporation for their sponsorship of this project, 
without which I would not have been able to have this opportunity.  
I would also like to thank Professor Dick Horrocks for his input, and Dr. John Milnes and Gill 
Smart for their help and friendship throughout my time at Bolton. I’ll miss the terrible, hilarious 
jokes. And thank you to the IMRI Fire Group for their help and support throughout this project, both 
as friends and fellow researchers. 
 I would like to offer all my thanks to my friends; Julie, Andy, Will, Amy and Emma, for 
keeping me sane and supplied with alcohol and good conversation throughout my time working on 
this project. And to Dan, for keeping me sane and continually making me smile regardless of how 
much stress I was under – even when you didn’t realise you were doing it, especially within the last 
year. Thank you all for putting up with my rambling about the trials and tribulations of PhD work and 
for your support, I wouldn’t have made it through this without you guys. 
 Finally my thanks go to my mum, Janet Murrell, for all her support and her help throughout 
the years and for imbuing me with a passion for science and most of all for fire. I will forever be 
grateful for everything you have done from me, from the moral support to the opportunities you 
have given me.  
  Thank you so much, all of you. 
 
 
 
 
6 
 
Contents 
Page 
Declaration of Authorship …………………………………………………………………………………………………………….. 2 
Abstract ……………………………………………………………………………………………………….…………………….………… 3 
Acknowledgements …………………………………………………………………………………………………………………..….. 5 
Contents ………………………………………………………………………………………………………………………………………. 6 
List of Tables and Figures ………………………………………………………………………………………………………………. 10 
Tables …………………………………………………………………………………………………………………………………. 10 
Figures ……………………………………………………………………………………………………………………………….. 13 
1. Introduction …………………………………………………………………………………………………………………………….. 17 
1.1. Objectives …………………………………………………………………………………………………………………….. 17 
1.2 Thesis Structure ……………………………………..…………………………………………………………………….. 18 
2. Literature Review ……………………………………………………………………………………………………………………… 19 
2.1 Polymers and their flammability ……….…………………………………………………………………………… 19 
2.2 Flame Retardancy of polymers ……………………………………………………………………………………… 21 
2.2.1. Flame Retardant Chemicals ……………………………………………………………………………………….. 23 
2.2.2. Phosphorus Based Flame Retardants …………………………………………………………………….. 24 
2.3 Surface Coatings …..……………………………………………………………………………………………….. 24 
2.4  Techniques for application of coatings on polymer substrates …………………………………….. 25 
2.4.1. Brushing [1] and Roller Coating …………………………………………………………………………………. 25 
2.4.2. Spraying [1] ……………………………………………………………………………………………………………….. 25 
2.4.3. Plasma deposition ….………………………………………………………………………………………………….. 26 
2.4.4. Layer by Layer deposition ………………………………………………………………………………………….. 27 
2.5. Polymerisation to give coatings .....…..…………………………………………………………………………… 27 
2.5.1. Step Polymerisation .………………………………………………………………………………………………….. 28 
2.5.2. Chain polymerisation  ………………………………………………………………………………………………… 29 
2.5.3. Graft Polymerisation …………………………………………………………………………………………………. 29 
2.6. Curing of polymeric coatings ……………………………………………………………………………………….. 29 
2.6.1. Thermal curing ………………………………………………………………………………………………………. 29 
2.6.2 UV Curing ………………………………………………………………………………………………………………. 30 
2.6.3 Microwave Curing …………………………………………………………………………………………………. 30 
2.7 Flame Retardant Thermally Protective Coatings ……………………………………………………. 31 
2.8  Vinyl phosphonic acid & dimethyl vinyl phosphonic acid based coatings ………………. 32 
2.9. Hydrophobicity of Coatings .………………………………………………………………………………….. 33 
7 
 
2.9.1 Metal – Phosphorus Complexes as Potential Hydrophobic Flame Retardant 
Coatings  ………………………………………………………………………………………..……………………………………. 
33 
2.10 Characterisation of coatings ………………………………………………………………………………………… 34 
2.10.1. Characterisation of Materials …………………………………………………………………………………… 34 
2.10.2 Fire Testing ……………………………………………………………………………………………………………….. 35 
3. Experimental …………………………………………………………………………………………………………………………… 40 
3.1 Substrate Materials ……………………………………………………………………………………………………….. 40 
3.1.1. Glass fibre-reinforced epoxy (GRE) composite [80] ………………………………………………….... 40 
3.1.2. PMMA (Lucite UK) ……………………………………………………………………………………………………… 40 
3.2 Materials for Surface Coating ………………………………………………………………………………………… 41 
3.2.1. PVPA surface coating (used as a control) ……….………………………………………………………….. 41 
3.2.2. Modified PVPA surface coatings ………………………………………………………………………………... 41 
3.3. Sample Preparation ………………………………………………………………………………………………………. 42 
3.3.1. Pre-Treatment of Substrate ……………………………………………………………………………………….. 42 
3.3.2. PVPA Coating on substrates ………………………………………………………………………………………. 42 
3.3.3. Plasma Polymerisation of HDMSO ………………………………………………………………………………   43 
3.3.4. Sol-Gel Type One Pot Process ……………………………………………………………………………………. 43 
3.3.5 Making plaques of coating formulations …………………………………………………………………….. 43 
3.4. Physical and Chemical Characterisation of Coatings ……………………………………………………… 44 
3.5. Durability of Coatings …………………………………………………………………………………………………… 44 
3.5.1. Durability to peeling …………………………………………………………………………………………………. 44 
3.5.2. Durability to water soaking ……………………………………………………………………………………….. 45 
3.5.3. Durability to surface wetting ……………………………………………………………………………………… 46 
3.6. Thermal Stability of Coatings ………………………………………………………………………………………… 46 
3.7 Flammability Study ………………………………………………………………………………………………………… 47 
3.8 Characterisation of Char ………………………………………………………………………………………………… 48 
4. Flame Retardant Poly(vinyl phosphonic acid) Based Coating on Different Polymer Substrates ….. 49 
4.1. Characterisation of Monomers, Films and Substrate …………………………………………………….. 52 
4.2. Optimisation of PVPA Coating ……………………………………………………………………………………….  56 
4.2.1 Durability study of the coatings ………………………………………………………………………………….. 57 
4.2.2 Thermal stability and flammability/thermal barrier performance study ……………………… 62 
4.3. Flame retardant performance of PVPA Coatings on a PMMA Substrate ……………………….. 67 
4.4. Surface etching of substrate to improve water soak performance of the coating …………. 71 
 4.5. Conclusions …………………………………………………………………………………………………………………. 73 
5. Modification of Phosphorus Based Flame Retardant Coatings …………………………………………………… 74 
5.1 Experimental ………………………………………………………………………………………..……………..………… 74 
5.1.1. Vinyl phosphonic acid and dimethylvinylphosphonate co monomer coating …………….. 75 
5.1.2. Dual layer dimethylvinylphosphonate and vinyl phosphonic acid co monomer 75 
8 
 
coatings ……………………………………………………………………………………….……………..……………..……… 
5.1.3. Vinyl phosphonic acid and dibromostyrene co monomer coatings ……………..…………….. 76 
5.1.4. Vinyl phosphonic acid and acrylonitrile co monomer coatings ……………..……………………. 77 
5.1.5 Polydimethylsiloxane and VPA co monomer coatings …………………………………………………. 77 
5.1.6. Vinyl phosphonic acid coatings with magnesium oxide additive ………………………………… 77 
5.1.7. Vinyl phosphonic acid coatings with zinc chloride additive ……………………………………….. 77 
5.1.8. Vinyl phosphonic acid coating with calcium silicate additive ……………………………………… 77 
5.1.9. Vinyl phosphonic acid coating with chitosan additive ………………………………………………… 78 
5.2. Results of Inclusion of Co-Monomers in PVPA Coatings ………………………………………………… 80 
5.2.1. Inclusion of dimethylvinylphosphonate in PVPA coatings ………………………………………….. 80 
5.2.2. Dual Layer Coatings using Dimethylvinylphosphonate and Vinyl Phosphonic Acid …….. 87 
5.2.3. Coatings Containing Dibromostyrene co monomer …………………………………………………… 90 
5.2.4. PVPA Coating Containing Acrylonitrile ……………………………………………………………………….. 93 
5.2.5. PDMS Based Coatings ………………………………………………………………………………………………… 99 
5.3. Results: Inclusion of Additives in PVPA Coating …………………………………………………………….. 102 
5.3.1. PVPA Coatings Containing added Magnesium Oxide (MgO) on PMMA ………………………. 102 
5.3.2. PVPA Coating Containing Zinc Chloride (PVPA-ZnCl2) ………………………………………………… 113 
5.3.3. PVPA Coating Containing Calcium Silicate ………………………………………………………………….. 116 
5.3.4. PVPA Coating Containing Chitosan …………………………………………………………………………….. 125 
5.4. Conclusion ………………………………………………………………………………………..…………………… 132 
6. Use of Protective Top Coats over PVPA Flame Retardant Coating ……………………..…………………….. 133 
6.1. Experimental ………………………………………………………………………………………..……………..……… 133 
6.1.1. Polyhexamethyldisiloxane Coating over PVPA …………………………………………………………… 133 
6.1.2. Tetraethylorthosilicate Polymerised over PVPA Coating ……………………………………………. 134 
6.1.3 Calixarene Coating over PVPA Coating ………………………………………………………………………… 134 
6.1.4. Matte White Poly (Vinyl Acetate) Emulsion Paint over PVPA Coating ………………………… 134 
6.1.5. Commercial Waterproofing Coating over PVPA Coating …………………………….………………. 134 
6.1.6. Cellulose nitrate Coating over PVPA Coating …………………………………………………………….. 134 
6.1.7. Cellulose Acetate Coating over PVPA Coating ……………………………………………………………. 135 
6.2. Results and Discussion ………………………………………………………………………………………………….. 135 
6.2.1. Polyhexamethyldisiloxane Top Coating Over PVPA Coating ……………..……………..………… 135 
6.2.2. Tetraethyl Orthosilicate (TEOS)-based Top Coating Over PVPA Coating …………………….. 139 
6.2.3. 4-Decan-calixar-4-ene Top Coating over PVPA Coating ……………………………………………… 145 
6.2.4. Matte White Poly(Vinyl Actetate) Paint Top Coating over PVPA Coating ……………………. 148 
6.2.5. Silicone Based Waterproof Top Coating over PVPA ……………..……………………………………. 154 
6.2.6. Cellulose nitrate Top Coating over PVPA …………………………………………………………………… 159 
6.2.7. Cellulose Acetate Top Coating over PVPA …………………………………………………………………. 165 
6.3. Conclusions ………………………………………………………………………………………..…………….. 170 
9 
 
7. Summary ………………………………………………………………………………………..……………………..………………… 171 
7.1 Introduction ………………………………………………………………………………………..……………..………… 171 
7.2 Summary ………………………………………………………………………………………..……………..…………….. 171 
8. Conclusions and Further Work ………………………………………………………………………………………..………… 178 
8.1 Conclusions ………………………………………………………………………………………..……………..………… 178 
8.2. Further Work ………………………………………………………………………………………..……………..……… 179 
References ………………………………………………………………………………………..……………………..…………………… 180 
 
  
10 
 
Tables & Figures 
Page 
Tables 
Table 2.1. Comparison of Plasma Types ………………………………………………………………………………………………………… 26 
Table 2.2: UL 94 Classification Requirements ……………………………………………………………………………………………….. 36 
Table 2.3: BS 476: Part 7 Classification Requirements …….…..………………………………………………………………………… 37 
Table 4.1: Cone calorimeter results for GRE samples without and with a PVPA coating at 35 kW/m
2
 radiant 
heat flux ………………………………………….………………………………………………………………………………………………………...... .50 
Table 4.2: Durability testing results ………………………………………………………………………………………………………………. 51 
Table 4.3: PVPA coated GRE samples …………………….……………………………………………………………………………………… 56 
Table 4.4: Tape pull and water soak test results for PVPA coatings on GRE with extra cross linker …….…….…… 58 
Table 4.5: Water soak tests on coating plaques ………………………………………………………………….…………….………….. 59 
Table 4.6: TGA results for PVPA plaques under air, with a heating rate of 10°C per minute from 50°C to 900°C 
……………………………………………………………………………………………………………………………………………………….………….….. 63 
Table 4.7: Degradation stages of PVPA plaque when heated on hotplate ………….…………………………….…………… 65 
Table 4.8: Cone calorimeter test results for PVPA coatings applied to 75 x 75 mm samples of GRE substrate 
incorporating various amounts of cross linker, 35 kW/m
2
, with no ignition …………………………………….……………. 66 
Table 4.9: Tape pull and water soak test results of PVPA coating applied to PMMA samples ……………………….. 69 
Table 4.10: Cone calorimeter results of PVPA coated PMMA samples at 35 kW/m
2
 with no source of ignition 70 
Table 4.11: Water soak test results for PVPA coated GRE samples ……………………………………………………………….. 72 
Table 4.12: Durability testing on PMMA with surface modification ………………………………………………………………. 72 
Table 5.1: Proportions by weight of VPA and DMVP in coatings ……………………………………………………………………. 75 
Table 5.2: Dual layer DMVP coating composition in ratios by weight ……………………………………………………………. 76 
Table 5.3: DMVP and DBS coating formulation ratios by weight ……………………………………………………………………. 76 
Table 5.4: The steps used for addition of components for calcium silicate coatings ……………………………………… 78 
Table 5.5: PVPA Synthesis process ………………………………………………………………………………………………………….…….. 79 
Table 5.6: TGA Results of DMVP containing plaques under air, with a heating rate of 10°C per minute from RT 
to 900°C ………………………………………………………………………………………………………………………………………………………… 82 
Table 5.7: Tape pull and water soak test results for DMVP containing coatings on GRE ………………………………… 83 
Table 5.8: Cone calorimeter results of DMVP-VPA coatings applied to a GRE substrate at 35 kW/m
2
 with no 
ignition source ……………………………………………………………………………………………………………………………………….……… 87 
Table 5.9: Tape pull and water soak test results for dual layer coatings applied to a GRE substrate ……………… 88 
Table 5.10: Cone calorimeter results for dual layer DMVP coatings applied to GRE at 35kW/m
2
 with no source 
11 
 
of ignition ……………………………………………………………………………………………………………………………………………………… 88 
Table 5.11: Tape pull and water soak results of DBS containing coatings on PMMA ……………………………………… 91 
Table 5.12: Cone calorimeter results at 35kW/m
2
 with no ignition ……………………………………………………………….. 92 
Table 5.13: TGA results for PVPA and PVPA-AN plaques under air, with a heating rate of 10°C per minute from 
RT to 900°C ……………………………………………………………………………………………………………………………………………………. 95 
Table 5.14: Durability Testing of PVPA-Acrylonitrile coating on PMMA …………………………………………………………..96 
Table 5.15: Water soak test results of PVPA-AN plaque ………………………………………………………………………………… 96 
Table 5.16: Results of cone testing of poly(VPA-co-AN) coating on PMMA at 35kW/m
2
 with no source of 
ignition ………………………………………………………………………………………………………………………………………………………… 98 
Table 5.17: Water Soak Test results for PDMS coating plaques …………………………………………………………………….100 
Table 5.18: Tape pull test results for PDMS coatings applied to PMMA ……………………..…………………………………102 
Table 5.19: Results of tape pull and water soak tests on MgO containing coatings applied to PMMA substrate 
…………………………………………………………………………………………………………………………………………………………………….. 105 
Table 5.20: Results of water soak tests on MgO containing coating plaques ………………………………………………. 105 
Table 5.21: TGA/DTA results for PVPA and MgO containing plaques under air, with a heating rate of 10°C per 
minute from RT to 900°C …………………………………………………………………………………………………………………………... 109 
Table 5.22: Cone calorimeter results for PVPA-MgO coated 75 x 75 mm PMMA samples at 35 kW/m
2
 with no 
source of ignition ……………………………………………………………………………………………………………………………………… 111 
Table 5.23: Masses of PVPA plaques remaining undissolved following water soak tests …………………………… 114 
Table 5.24: TGA results for PVPA and PVPA-ZnCl2 1% plaques under air, with a heating rate of 10°C per minute 
from RT to  900°C ………………………………………………………………………………………………………………………………………. 115 
Table 5.25: Calcium Silicate containing PVPA Coatings ……………………………………………………………………………… 117 
Table 5.26: Water Soak Testing Results for UV cured PVPA-CaSi plaques …………………………………………………. 118 
Table 5.27: Water Soak Test Results of thermally cured PVPA-CaSi plaques …………………………………………….. 119 
Table 5.28: Tape pull and water soak test results for PVPA-CaSi coating applied to PMMA ……………………… 120 
Table 5.29: Water soak results for PVPA-CaSi 5% plaques ………………………………………………………………………… 120 
Table 5.30: Cone calorimeter results for coatings applied to PMMA substrate tested at 35kW/m
2 
with no 
source of ignition ………………………………………………………………………………………………………………………………………. 122 
Table 5.31: TGA results for PVPA and calcium silicate containing plaques under air, with a heating rate of 10°C 
per minute from RT to 900°C …………………………………………………………………………………………………………………….. 124 
Table 5.32: Tape Pull and Water Soak tests for PVPA-Chitosan sol gel samples ………………………………………… 125 
Table 5.33: Tape Pull and Water Soak tests for PVPA-Chitosan layer by layer samples …………………………….. 126 
Table 5.34: TGA results for PVPA and Chitosan containing plaques under air, with a heating rate of 10°C per 
minute from RT to 900°C …………………………………………………………………………………………………………………………. 128 
Table 5.35: Water soak and tape pull test results for PVPA-Ch coating applied to PMMA substrate …………… 129 
Table 5.36: Water soak test results for PVPA-Ch plaques …………………………………………………………………………… 129 
Table 5.37: Cone calorimeter results for chitosan coated PMMA substrate in duplicate tested at 35kW/m
2
 
without source of ignition …………………………………………………………………………………………………………………………. 131 
12 
 
Table 6.1: Tape pull and water soak test results of coatings applied to PMMA substrate …………………………… 136 
Table 6.2: Cone calorimeter results at 35 kW/m
2
 with no source of ignition for PMA, PMMA coated with PVPA 
and PMMA coated with PVPA-polyHMDSO ………………………………………………………………..…………………………….. 138 
Table 6.3: Tape pull and water soak results of PMMA coated with PVPA and PVPA-TEOS ………………………….. 140 
Table 6.4: Water soak test results of PVPA and PVPA-TEOS plaques ………………………………………………………….. 140 
Table 6.5: Cone calorimeter results for coated 75 x 75 mm PMMA samples tested at 35 kW/m
2
, no source of 
ignition ……………………………………………………………………………………………………………………………………………………… 142 
Table 6.6: TGA/DTA Results for TEOS coated PVPA plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C ………………………………………………………………………………………………………………………………….. 143 
Table 6.7: Water soak test results for PVPA coated PMMA overcoated with the calixarene ……………………….. 145 
Table 6.8: Masses of PVPA plaques remaining undissolved following water soak tests ………………………………. 146 
Table 6.9: TGA/DTA results for PVPA and calixarene coated PVPA plaques under air, with a heating rate of 10°C 
per minute from 50°C to 900°C ………………………………………………………………………………………………………………….. 147 
Table 6.10: Water soak and tape pull results for coated PMMA samples ……………………………………………………. 149 
Table 6.11: Water Soak Test results of PVPA-Paint plaques ………………………………………………………………………… 149 
Table 6.12: Cone calorimeter results for samples tested at 35 kW/m
2
 with no source of ignition ……………….. 151 
Table 6.13: TGA/DTA results for PVPA and paint coated PVPA plaques under air, with a heating rate of 10°C per 
minute from 50°C to 900°C …………………………………………………………………………………………………………………………. 153 
Table 6.14: Water soak and tape pull test results for PVPA and PVPA-WP coated PMMA …………………………… 155 
Table 6.15: Water soak results for PVPA and PVPA-WP plaques …………………………………………………………………. 155 
Table 6.16: Cone calorimeter results for coated and uncoated 75 x 75 mm PMMA at 35 kW/m
2
 ………………. 157 
Table 6.17: TGA/DTA results for PVPA and PVPA-WP plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C ……………………………………………………………………………………………………………………………………. 158 
Table 6.18: Tape Pull and water soak test results for PVPA and PVPA-CN coated PMMA …………………………… 160 
Table 6.19: Water soak test results for PVPA and PVPA-WP plaques …………………………………………………………. 160 
Table 6.20: Cone calorimeter results for coated PMMA samples tested at 35 kW/m
2 
with no source of ignition 
…………………………………………………………………………………………………………………………………………………………………… 162 
Table 6.21: TGA/DTA results for PVPA and PVPA-CN  plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C ……………………………………………………………………………………………………………………………………. 164 
Table 6.22: TGA/DTA results for PVPA and PVPA-CA plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C ………………………………………………………………………………………………………………………………….. 166 
Table 6.23: Tape pull and water soak test results for PVPA and PVPA-CA coatings applied to PMMA ……… 167 
Table 6.24: Water soak test results for PVPA and PVPA-CA plaques ………………………………………………………… 167 
Table 6.25: Cone calorimeter results for PVPA and PVPA-CA coated 75 x 75 mm PMMA at 35 kW/m
2
 with no 
source of ignition ………………………………………………………………………………………………………………………………. 169 
Table 7.1: Compiled tape pull and water soak test results for all modified coatings ……………………………………. 173 
Table 7.2: Compiled results for all cone calorimeter tests on modified coatings …………………………………………. 174 
Table 7.3: Compiled Tape Pull and Water Soak test results for all samples of PVPA with an additional top coat 
13 
 
……………………………………………………………………………………………………………………………………………………………………. 175 
Table 7.4: Compilation of all cone calorimeter results for top coated samples ……………………………………………. 176 
Figures 
Figure 2.1: Examples of a) chain reaction polymerisation and b) step growth polymerisation …………….………… 28 
Figure 2.2: BS 476: Part 7 test …………………………………………………………………………………………………………………….…. 37 
Figure 2.3: guarded hot plate apparatus set up BS EN 12667 ………………………………………………………………........... 38 
Figure 2.4: Heat flow meter apparatus BS EN 12667 …………………………………………………………………………………….. 39 
Figure 4.1: a) HRR and b) mass loss versus time curves for GRE with and without a PVPA coating at 35 kW/m
2
 
radiant heat flux ……………………………………………………………………………………………………………………………………………. 50 
Figure 4.2: Images of PVPA coated GRE plaques before and after cone exposure …………………………………….. 51 
Figure 4.3: FTIR spectra of VPA Monomer and PVPA Plaque …………………………………………………………………………. 52 
Figure 4.4: FTIR showing both uncoated and PVPA-coated GRE samples ………………………………………………………. 53 
Figure 4.5: Proposed mechanism for the UV initiated polymerisation of VPA ……………………………………………….. 55 
Figure 4.6: FTIR spectra of PVPA plaques with varying cross linker percentage …………………………………………….. 57 
Figure 4.7: Residue from water soak testing of PVPA plaques with differing degrees of cross linker. (a) PVPA-
5%, (b) PVPA-10%, (c) PVPA-15% …………………………………………………………………………………………………………………… 59 
Figure 4.8: PVPA-5% and post soak residue by FTIR ………………………………………………………………………………………. 60 
Figure 4.9: PVPA-10% and post soak residue by FTIR …………………………………………………………………………………….. 60 
Figure 4.10: PVPA-15% and post soak residue by FTIR …………………………………………………………………………………… 61 
Figure 4.11: TGA curves of pre and post water soaked PVPA-10% sample in air ……………………………………………. 62 
Figure 4.12: TGA curves for PVPA plaques under air, with a heating rate of 10°C per minute from 50°C to 900°C 
………………………………………………………………………………………………………………………………………………………………………. 63 
Figure 4.13: Schematic of hot plate heating set up ……………………………………………………………………………………….. 64 
Figure 4.14: a) HRR and b) mass loss versus time curves for uncoated and PVPA coated GRE samples with 
various cross linker percentages ……………………………………………………………………………………………………………………. 66 
Figure 4.15: FTIR spectra of PMMA and PMMA-AF substrates ………………………………………………………………………. 68 
Figure 4.16: FTIR spectra of coated and uncoated PMMA …………………………………………………………………………….. 69 
Figure 4.17: a) HRR vs time and b) mass loss vs time curves for PVPA coated PMMA samples ……………………… 70 
Figure 5.1: Experimental set up for PVPA synthesis ………………………………………………………………………………………. 79 
Figure 5.2: Proposed mechanism for the co-polymerisation of PVPA and DMVP …………………………………………… 80 
Figure 5.3: FTIR spectra of plaques of DMVP containing coatings free from any substrate ……………………………. 81 
Figure 5.4: TGA Curves for DMVP/VPA plaques under air, with a heating rate of 10°C per minute from 50°C to 
900°C …………………………………………………………………………………………………………………………………………………..……….. 82 
Figure 5.5: Post water soak residue for DMVP-25:75 (a), DMVP-50:50 (b) and DMVP-75:25 (c) ……………………. 84 
Figure 5.6: HRR vs time (a) and mass % vs time (b) curves for 75 x 75 mm GRE coated with DMVP containing 
coatings on GRE at 35kW/m
2 
………………………………...………………………………………………………………………………………. 85 
Figure 5.8: Comparison of heat release rates for GRE-PVPA and GRE-DMVP-VPA 50:50 samples …………………. 86 
14 
 
Figure 5.9: HRR vs time (a) and mass % vs time (b) curves for dual layer DMVP:PVPA coated GRE samples ….. 88 
Figure 5.10: Proposed mechanism for reaction between DBS and DMVP ……………………………………………………… 90 
Figure 5.11: HRR vs time (a) and mass % vs time (b) curves for DBS coatings applied to PMMA at 35 kW/m
2
 
with no source of ignition ……………………………………………………………………………………………………………………………… 92 
Figure 5.12: Proposed mechanism for VPA and Acrylonitrile co-polymerisation ……………………………………………. 93 
Figure 5.13: FTIR spectrum of PVPA-AN plaque …………………………………………………………………………………………….. 94 
Figure 5.14: TGA mass loss curves for poly(VPA-co-AN) PVPA plaques under air, with a heating rate of 10°C per 
minute from 50°C to 900°C ……………………………………………………………………………………………………………………………. 95 
Figure 5.15: PVPA-AN plaque post soak residue ……………………………………………………………………………………………. 97 
Figure 5.16: HRR vs time (a) and mass % vs time (b) curves for Poly(VPA-co-AN) on PMMA …………………………. 98 
Figure 5.17: Char images for PMMA-PVPA-AN after cone testing …………………………………………………………………. 99 
Figure 5.18: Proposed mechanism for PVPA and PDMS co polymerisation ………………………………………………… 100 
Figure 5.19: Pure PDMS plaque after water soak ………………………………………………………………………………………….101 
Figure 5.20: PDMS 10% VPA (left), PDMS 20% VPA (right) plaques after water soak …………………………………… 101 
Figure 5.21: Image of PVPA-MgO 5% plaque showing the solid magnesium oxide suspended within the polymer 
coating ……………………………………………………………………………………………..………………………………………………………… 103 
Figure 5.22: Proposed reaction mechanism between VPA and magnesium oxide …………………………………………103 
Figure 5.23: FTIR spectra of PVPA-MgO plaques ………………………………………………………………………………………… 104 
Figure 5.24: PMMA-PVPA- MgO 5% after water soak test …………………………………………………………………………… 106 
Figure 5.25: Post water soak images of PVPA-MgO 10% (a), PVPA-MgO 5% (b) and PVPA-MgO 1% (c) plaques 
…………………………………………………………………………………………………………………………………………………………………….. 106 
Figure 5.26 FTIR spectra of PVPA-MgO 10% plaque and post water soak residue ………………………………………. 107 
Figure 5.27: FTIR spectra of PVPA-MgO 5% plaque and post water soak residue ………………………………………… 107 
Figure 5.28: FTIR spectra of PVPA-MgO 1% plaque and post water soak residue ………………………………………… 108 
Figure 5.29: TGA/DTA curves of magnesium oxide containing PVPA samples under air, with a heating rate of 
10°C per minute from RT to 900°C ………………………………………………………………………………………………………………. 109 
Figure 5.30: HRR vs time (a) and mass % vs time (b) curves for PVPA-MgO coated PMMA samples ……………. 111 
Figure 5.31: PVPA-MgO 5% on PMMA Char after exposure to cone calorimeter …………………………………………. 112 
Figure 5.32: PVPA-MgO 1% on PMMA Char after exposure to cone calorimeter …………………………………………. 112 
Figure 5.33: Proposed mechanism for incorporation of zinc into PVPA matrix ……………………………………………. 113 
Figure 5.34: PVPA-ZnCl2 1% plaque following water soak test …………………………………………………………………….. 114 
Figure 5.35: TGA curves for PVPA and PVPA-ZnCl2 1% plaques under air, with a heating rate of 10°C per minute 
from RT to 900°C ………………………………………………………………………………………………………………………………………… 115 
Figure 5.36: Proposed mechanism for the reaction between VPA and CaSi ………………………………………………… 116 
Figure 5.37: Image of Calcium Silicate suspended within the PVPA coating ………………………………………………... 117 
Figure 5.38: PVPA-CaSi 5% plaque ………………………………………………………………………………………………………………. 120 
Figure 5.39: PVPA-CaSi 5% plaque following water soak testing …………………………………………………………………. 121 
Figure 5.40: a) HRR vs time and b) mass loss vs time graphs of coated PMMA at 35 kW/m
2 
with no source of 
15 
 
ignition ………………………………………………………………………………………………………………………………………………………… 122 
Figure 5.41: Images of chars from PVPA-CaSi 5% applied to PMMA after cone calorimeter testing …………….. 123 
Figure 5.42: TGA Curves for PVPA-CaSi 5% and PVPA plaques under air, with a heating rate of 10°C per minute 
from RT to 900°C …………………………………………………………………………………………………………………………………………. 124 
Figure 5.43: PVPA-Chitosan sol gel films before and after water soak testing ……………………………………………… 126 
Figure 5.44: FTIR scan curves for plaques of PVPA-Ch 10% and PVPA-Ch 20% …………………………………………….. 127 
Figure 5.45: TGA curves for PVPA and Chitosan containing plaques under air, with a heating rate of 10°C per 
minute from RT to 900°C …………………………………………………………………………………………………………………………….. 128 
Figure 5.46: PMMA-PVPA-Ch 10% (top) and PMMA-PVPA-Ch 20% (bottom) coatings applied to PMMA after 
water soak testing ………………………………………………………………………………………………………………………………………. 130 
Figure 5.47: Curves of HRR vs time (a) and mass vs time (b) results for chitosan containing PVPA coatings 
applied to PMMA in duplicate at 35kW/m
2
 with no source of ignition ………………………………………………………… 131 
Figure 6.1: Proposed mechanism for plasma polymerisation of HDMSO …………………………………………………….. 135 
Figure 6.2: Water drop test on a polyHMDSO top coat on top of PVPA coating applied to PMMA substrate . 136 
Figure 6.3: HRR vs time (a) and Mass % vs time (b) curves for 75 x 75 mm PMMA samples coated using PVPA 
with and without a polyHMDSO top coating tested at 35 kW/m
2
 with no source of ignition ………………………. 138 
Figure 6.4: Post cone char images for PVPA coated with polyHDMSO …………………………………………………………. 139 
Figure 6.5: Proposed mechanism for the hydrolysis of TEOS into a silica coating ………………………………………… 140 
Figure 6.6: Proposed mechanism of interaction between silica top coat and PVPA layer ……………………………. 141 
Figure 6.7: HRR vs time (a) and Mass % vs time (b) curves for coated 75 x 75 mm PMMA samples tested at 35 
kW/m
2
 with no source of ignition ………………………………………………………………………………………………………………… 142 
Figure 6.8: TGA/DTA curves for PVPA and PVPA-TEOS plaques heated under air, with a heating rate of 10°C per 
minute from 50°C to 900°C …………………………………………………………………………………………………………………………. 143 
Figure 6.9: Char image of the PVPA-TEOS coating applied to PMMA after cone calorimeter testing …………... 144 
Figure 6.10: Structure of 4-decan-calixa-4-ene ……………………………………………………………………………………………. 145 
Figure 6.11: Optical microscope picture of PVPA-Cx 5% coated PMMA surface ………………………………………….. 146 
Figure 6.12: TGA/DTA Curves for PVPA and PVPA-Cx 1% and PVPA-Cx 5% plaques …………………………………….. 147 
Figure 6.13: Paint covered PVPA plaque after water soak test ……………………………………………………………………. 149 
Figure 6.14: HRR vs time (a) and mass % vs time (b) curves for PMMA, PVPA coated PMMA and vinyl 
paint/PVPA coated PMMA ………………………………………………………………………………………………………………………….. 151 
Figure 6.15: Char from paint-coated PVPA ………………………………………………………………………………………………….. 152 
Figure 6.16: Graph of TGA/DTA results of paint coated PVPA plaque ………………………………………………………….. 153 
Figure 6.17: FTIR Spectrum of Deichmann waterproofing spray ………………………………………………………………….. 155 
Figure 6.18: Surface swelling of PVPA-WP after water drop testing ……………………………………………………………. 156 
Figure 6.19: HRR vs time (a) and mass % vs time (b) curves for coated and uncoated 75 x 75 mm PMMA 
samples at 35 kW/m
2 
…………………………………………………………………………………………………………………………………..
.
 157 
Figure 6.20: Char from PMMA samples coated with PVPA then treated with Deichmann waterproof spray . 158 
Figure 6.21: TGA/DTA curves for PVPA plaque with no top coating and PVPA plaque with a commercial 
16 
 
waterproof coating ……………………………………………………………………………………………………………………………………… 159 
Figure 6.22 Cellulose nitrate coated PVPA plaque after soak ………………………………………………………………………. 161 
Figure 6.23: HRR vs time (a) and mass % vs time (b) curves for coated PMMA samples at 35kW/m
2
 with no 
source of ignition ………………………………………………………………………………………………………………………………………… 162 
Figure 6.24: Cellulose nitrate coated PVPA char ………………………………………………………………………………………….. 163 
Figure 6.25: TGA/DTA curves for PVPA and PVPA-CN plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C ……………………………………………………………………………………………………………………………………… 164 
Figure 6.26: TGA curves for PVPA and PVPA-CA plaques under air, with a heating rate of 10°C per minute from 
50°C to 900°C ………………………………………………………………………………………………………………………………………………. 166 
Figure 6.27: Swelling of PVPA-CA plaques after water soak testing …………………………………………………………….. 168 
Figure 6.28: Tape surface after tape pull testing of PVPA-CA on PMMA ……………………………………………………… 168 
Figure 6.29: HRR vs time (a) and mass % vs time (b) curves for coated 75 x 75 mm PMMA samples tested at 35 
kW/m
2 
with no source of ignition ………………………………………………………………………………………………………………… 169 
 
 
  
17 
 
Chapter 1. Introduction  
Flame retardant coatings have long been used in the textiles industry, and are finding 
greater use within electronics and construction industries as these industries move towards less 
traditional materials and increase the use of polymers, composites and similar materials. These new 
materials present new challenges due to different performance requirements and substrate 
behaviour. Many traditional flame retardants are also slowly being phased out after coming under 
scrutiny for possible effects on the environment and potential toxicity. Poly(vinyl phosphonic acid) 
(PVPA) has been shown to be capable to producing a highly effective flame retardant coating [1] 
with an impressive degree of intumescence,  however it performs poorly in a water soak tests, losing 
more than 80% of its mass during water soak testing. The aim of this project is to develop an 
effective, environmentally friendly PVPA based flame retardant surface coating for polymers which 
will also withstand environmental conditions such as exposure to water. 
 
1.1. Objectives 
In order to complete the aim of this project there were several objectives to complete, these 
were; 
1. Identification of monomers, additives and top coatings which may be used in 
conjunction with PVPA in order to produce a flame retardant coating viable for use on 
polymer surfaces. This was undertaken through a review of the existing literature on 
flame retardant surface coatings and vinyl phosphonic acid. 
2. Development of suitable techniques of surface polymerisation for the monomers and 
top coatings selected in Objective 1. 
3. Synthesis of coatings using the monomers, additives and top coatings as identified from 
Objective 1 and characterisation of these coatings through FTIR and TGA/DTA analysis. 
4. Studying the effectiveness of the coatings synthesised in Objective 3 in terms of their 
flame retardance, water resistance and adhesion to the surface through the use of cone 
calorimeter testing, tape pull testing and water soak testing. Interpretation of these 
results in order to assess overall effectiveness and viability of the coatings developed as 
durable flame retardants. 
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1.2 Thesis Structure 
Chapter 1: This chapter introduces the contents of the thesis and covers the main aims and 
objectives of the project undertaken. 
 
Chapter 2: This chapter provides a comprehensive review of the literature related to this 
project, covering several topics such as further details and analysis of the testing methods used in 
the project, as well as more in depth information on flame retardant coatings themselves and the 
different chemicals used in this project. The literature review also covers previous work done in this 
field using similar substances. 
 
Chapter 3: This chapter covers the experimental procedures undergone throughout the 
course of the practical part of this project, giving further detail on the techniques and methods 
which were regularly used throughout the entirety of the project. Where specific techniques were 
used these are further detailed in short experimental sections at the beginnings of the relevant 
chapters (Chapters 4, 5 and 6). 
 
Chapter 4: This chapter covers the refinement of the PVPA coating without the use of any 
additional components, and the testing of the PVPA coating for use on both GRE and PMMA 
substrates in order to assess whether this coating is functional across a range of different substrates. 
 
Chapter 5: This chapter covers the use of additional monomers to form co-polymers (Section 
5.2) and additives included within the PVPA coating (Section 5.3) in order to improve the flame 
retardance and hydrophobicity of the PVPA coating when applied to a substrate. Testing of both 
flame retardance and durability of these coatings is covered within this chapter, with overall 
conclusions across all samples drawn at the end of the chapter. 
 
Chapter 6: This chapter covers the use of an additional top coating over the surface of the 
PVPA coating added in order to help improve the hydrophobicity of the coating. This chapter also 
covers testing and analysis of these coatings, through both cone calorimetry and durability testing, 
with overall conclusions drawn about all samples tested at the end of the chapter. 
 
Chapter 7: This chapter draws conclusions across all of the work completed throughout the 
course of the project and discusses further work which could be done using the results obtained 
from the testing carried out. 
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Chapter 2. Literature Review 
2.1 Polymers and their flammability 
 
Plastics, which are types of polymers, were first introduced towards the latter half of the 
1800’s, beginning with naturally based ones such as rubber then expanding into synthetic types such 
as Bakelite – first introduced in 1910 [2]. Since their introduction the uses of polymers have 
increased exponentially, with plastics being used in an increasing number of applications from 
packaging and agriculture to construction and automotive applications. With the increased demand 
there has also been an exponential increase in production, with the mass of plastics produced 
growing to over 300 million tonnes worldwide in 2015 [3] 
 
Polymers are large molecules made up of multiple units, monomers, of one or more 
repeating kinds which form long chains, which may be linear or branched, or networks. Polymers are 
incredibly widespread with both natural and synthetic examples ranging from DNA and cellulose to 
polystyrene and nylon. Polymer chains can be formed from monomers in multiple ways; from single 
monomers as homopolymers such as polystyrene, or from a combination of different monomeric 
units as copolymers which again have many different modes of formation depending upon length, 
number and uniformity of repeating units. This work will focus on synthetically made polymers as 
opposed to those which are naturally occurring. While polymers have been around for decades, in 
recent years they have been finding much more widespread use across the globe and have a wide 
variety of applications from structural to fabrics and from biomedical to coatings, as they can be 
produced as both solid plaques and formed into thin fibrils, as well as films and gels. Polymers can 
be divided into two distinctive categories of behaviour when exposed to heat and fire; 
thermoplastics which melt and flow and under the right conditions will readily ignite and burn, 
posing a potential danger to life [4], and thermosets which soften and char. Which of the two 
categories the polymers fall into is mostly due to the degree of crosslinking within the polymer 
chains, with more heavily crosslinked polymers generally falling into the thermoset category.[5] 
Polymer blends are also commonly used in manufacturing, by combining two or more polymers in 
order to try and utilise the more favourable properties from each. There are also classes of polymers 
with fibres included in the structure, known as fibre- reinforced composites. These are gaining 
increased popularity within aerospace, automotive, structural and consumer applications due to 
their high strength to weight ratio, stiffness and resistance to corrosion and fatigue [6][7]. These 
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thermosetting polymers are light and cost-effective but soften and lose structural integrity when 
exposed to elevated temperatures [8] eventually breaking down into volatile flammable gases.  
 
Due to their chemical structure, which is mostly comprised of carbon and hydrogen, in fire 
situations, polymers will ignite and burn [9]. Ignition and burning is a gas phase process; however for 
this to occur there needs to be a release of volatiles from the polymer matrix itself – a result of the 
degradation of the polymer due to the thermal environment providing enough energy to start 
breaking the bonds in the chemical structure of the polymer, starting with the weakest bonds such 
as single covalent bonds which require the least energy input to cleave [9]. This degradation may 
occur in one or more of several different ways depending on the type of polymer involved, including 
the breaking down of polymeric chains, stripping of groups from the polymeric chains or breaking 
down of the crosslinking between a network [10], although these are commonly grouped into two 
main forms of decomposition known as oxidising and non-oxidising thermal degradation [11].  In 
non-oxidising thermal degradation the decomposition of the polymer mostly comes from chain 
scissioning via either the formation of free radicals or the migration of hydrogen atoms. In oxidising 
thermal degradation the decomposition also involves reactions of the polymer with oxygen and the 
generation of products such as carboxylic acids, ketones, alcohols and aldehydes [9]. The structure 
and composition of a polymer will have an effect on the specific mode of degradation of that 
polymer, for example branched chains and double bonds within the polymer backbone lower the 
thermal stability, whereas crosslinking and aromatic rings increase thermal stability [12]. Impurities 
within the polymer can also effect the thermal degradation, however these are much more difficult 
to quantify. The structure and composition of a polymer and thus its corresponding properties can 
then be used to make informed decisions into polymer modification for improved thermal stability. 
The heat liberated by the decomposing polymer increases the rate of growth of the fire and thus the 
temperature in the vicinity of the polymer which in turn causes more degradation of the underlying 
polymer and new volatiles and so more fuel to be released into the flame, further propagating the 
fire. [9]  
 
In this work a thermoset, epoxy resin in the form of glass fibre-reinforced epoxy composite 
(GRE) and a thermoplastic polymer, poly(methyl methacrylate) (PMMA) have been used as 
polymeric substrates. Hence, their properties and degradation mechanisms are further elaborated 
here. 
 PMMA [13]  can be both clear, hence one of its trade names of Plexiglas, though may also 
have dyes included to give it colour. Opaque black PMMA is commonly used in the calibration of 
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cone calorimeters, and both the coloured and clear forms have widespread usage in commercial, 
automotive, industrial and medical applications, including use as furniture, dentures, bumper guards 
and lighting. It is formed through the polymerisation of methyl methacrylate monomers via free 
radical initiation. The methyl side groups along the chain prevent formation of a crystal lattice 
structure by preventing the chains from close packing, creating a tough rigid plastic. PMMA degrades 
primarily through random-chain scission in a two to three stage process producing monomer. The 
number and temperatures of these stages is dependent on the type of polymerisation used to create 
the PMMA, with radically polymerised PMMA degrading in three stages at 165, 270 and 360 °C 
roughly and anionically polymerized PMMA degrading at 360 °C in a single stage [14] further 
suggesting the random scission degradation pathway. In the multi-step degradation process the 
steps of degradation are as follows; end group scission at the lower temperatures, followed by 
random chain scission as temperatures increase. 
 
Epoxy resins [15] are a wide group of chemicals characterised by the inclusion of epoxide 
groups though they can contain a number of other groups in addition to this which can affect the 
flammability of the resin. Epoxy resins are generally thermosetting polymers, comprised of an epoxy 
cross-linked with a di- or tri- amine through a step grown polymerisation reaction. Common uses for 
epoxy resins are as anti-corrosion coatings, adhesives and as industrial moulds. Epoxy resins which 
have been impregnated with fibres such as glass, carbon or Kevlar are also frequently used within 
the aerospace industry due to their strength, low cost and adhesion properties. [16] 
 
2.2 Flame Retardancy of polymers 
 
Flame retardants are a class of chemicals which help to delay, inhibit or supress the production 
of flames, thus helping to prevent injury and structural damage, reduce costs and save lives in fire 
situations. They first began to be developed and introduced after the loss of life and property due to 
large fires prompted government action, particularly as increasing use of polymers lead to more 
widespread fires. They may work in one or more ways including:  
- Vapour phase action where the flame retardant acts in the vapour phase to either disrupt 
the production of free radicals or slow the combustion rate by diluting the quantity of 
combustible gases. This is a common mode of action in halogenated flame retardants. 
- Condensed phase action either in the form of a quenching endothermic reaction which 
removes heat from the combustion or as a solid barrier as in the case of many char formers. 
This mode of action is common in non-halogenated organic and inorganics, with hydroxides 
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being common endotherms and phosphates common barrier formers.  
 
Commonly used elements in flame retardants include phosphorus, nitrogen, boron, antimony, 
and bromine, however halogenated and antimony containing flame retardants can generate toxic 
and corrosive fumes during combustion [17] and despite being widely used have come under close 
scrutiny in recent years with legislation moving towards their removal. These flame retardants can 
also build up in the environment and food chains due to their stability [18]. The EU has implemented 
strict usage policies on many of these chemicals under the REACH directive [19], thus the focus on 
phosphorus containing flame retardant coatings in this research.  
 
Many commercial fire retardant solutions exist for bulk polymers and composites including 
surface coatings, fillers e.g. aluminium trihydrate, addition of flame retardant additives and chemical 
modification of the composite [20]. Flame retardants on the whole can be classified into two 
different categories; additive flame retardants which are incorporated during the processing of a 
polymer and will only react at higher temperatures such as those found in fire situations, and 
reactive flame retardants which are integrated with polymer chains and usually added during 
synthesis or in a post-reaction process. Additive flame retardants are easy to incorporate into a 
polymer structure, however they may have detrimental effects on the physical properties of the 
polymer. Reactive flame retardants due to their incorporation within the polymer chains are much 
more difficult to remove in water or other environmental effects, however they may affect the 
properties or the processing of the polymer to which they are being added.  
 
This project will focus on surface coatings as, ideally, these allow for fire protection of a polymer 
without modification of the properties of the polymer itself. This would be particularly of use with 
PMMA as the glass-like appearance is one of the key features of the polymer. While flame retardant 
coatings are widely used in the textiles industry the use of surface coatings to flame retard polymers 
and composites produces a new set of problems as coatings for composites need to maintain their 
structural integrity when exposed to stress and strain, and can be more difficult to adhere to smooth 
polymer surfaces.  
 The most commonly used coatings are: 
(i) char-forming; which acts as an insulator and thermal barrier, 
(ii) intumescent; where the coating expands to act a physical barrier against volatile emissions 
from the laminate being released into an external flame and also the transfer of heat from  the 
flames to the polymer to promote the decomposition process. Many intumescent coatings are 
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also char formers. 
(iii) flame-inhibiting halogen-containing coatings; where the halogen component produces 
species which remove the free-radicals produced by the fire. [21]  
 
2.2.1. Flame Retardant Chemicals 
There are a range of chemicals currently in use as flame retardants, which can be separated 
into classes of mineral flame retardants, halogenated organic flame retardants and non-halogenated 
organic flame retardants.  
The most common mineral flame retardant is aluminium trihydroxide [22] although 
magnesium hydroxide, borates, huntite and hydromagnesite are also used. Mineral flame retardants 
are commonly used as flame retardants for polymers when included in their manufacture as an 
additive [22][23] though this may impact physical and mechanical properties of the polymer.  The 
most common method of action for these flame retardants is endothermic degradation, where the 
decomposition of the flame retardant in a fire situation absorbs energy (usually in the form of heat) 
from its surroundings.   
Halogenated flame retardants are commonly used in combination with a synergist such as 
antimony trihydroxide in order to increase their efficiency. The halogens commonly used in these 
flame retardants are bromine and chlorine, and work most often through a radical quenching 
process [9] where the radicals produced by the decomposition of the flame retardant react with 
radicals produced by the decomposition of the polymer and quench the flame. Halogenated flame 
retardants are generally required in lower amounts in a polymer than mineral additives as the 
radicals they produce are capable of regeneration. However due to concerns about the 
accumulation of these flame retardants in the environment, particularly with brominated flame 
retardants [24], and further concern about the toxicity and corrosive nature of the smoke produced 
by materials utilising halogenated flame retardants their use is in decline. 
Non-halogenated flame retardants most commonly take the form of organophosphorus 
flame retardants, which are char forming or intumescent flame retardants; these will be discussed 
further in Section 2.2.2. However as well as phosphorus based flame retardants there are silicon and 
nitrogen based varieties.  Although nitrogen is commonly used in combination with phosphorus it 
has also been combined with silica and boron to give a flame retardant which showed good 
performance with silk [25]. Silica is more commonly used as a synergistic agent in flame retardants. 
[26]  
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2.2.2. Phosphorus Based Flame Retardants  
Phosphorus flame retardants span a wide range of chemical compounds including phosphates, 
phosphonates, phosphinates, phosphine oxides and red phosphorus. These compounds are 
particularly effective when combined with oxygen containing polymers and mainly act in the solid 
phase by decomposition and conversion to phosphoric acid which esterifies and produces a 
protective layer of char [27], a property which can be utilised in intumescent flame retardant 
coatings with the addition of a blowing agent. However there is emerging research that phosphorus 
may also have some gas phase action particularly in compounds with a low degree of oxidation 
[28][29]. Phosphorus based flame retardants also generate less toxic gases and smoke during 
burning than other flame retardants [30]. Phosphorus is sometimes combined with nitrogen when 
used as a flame retardant, as in ammonium polyphosphate. Such compounds may exhibit synergistic 
flame retardant effects with good thermal and chemical stability [31]. 
 
2.3 Surface Coatings  
Surface coatings are generally defined as layers of substances spread over a surface for 
protection or decoration. Surface Coatings have existed for many years and have many different 
applications and uses. These include protection such as paints and scratch resistant coatings; 
changing the optical, magnetic or electrical properties of a material; adhesive coatings, non-stick 
coatings and fire retardant coatings, among others. The many applications of surface coatings has 
led to a wide variety of coatings being developed to fulfil these uses, with many of the modern 
coatings in use being multi-layer systems utilising one or more organic, inorganic or metallic 
components [32]. 
 
The properties of a coating may depend upon the materials used to form the coating, for 
example inorganic compounds are dense and resistant to abrasion with good thermal resistive 
properties but can display brittleness, whereas organic coatings are much more flexible but are less 
resistant to abrasion and thermal changes. The combination of these in hybrid coatings may result in 
a variety of coating properties, often utilising the most favourable properties from each of the 
component parts [6]. Polymer coatings, such as those used here, are traditionally used as paints or 
inks and consist of a binder with filler or small particles, a solvent, additives and pigments [33] but in 
more recent years these are finding applications in the protection of mechanical and electrical 
components in many aspects of technology, as well as increasing use in biomedical and food 
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processing areas [31] [34]. Polymer coatings are also commonly used in the protection of steels from 
environmental damage, such as corrosion, where self-healing coatings are often utilised so as to 
protect the underlying metal to the fullest extent [35][36].  
2.4  Techniques for application of coatings on polymer substrates 
There are several different techniques commonly used in the application of polymeric coatings 
to substrates, the choice of which is dependent upon the properties and end use of the coating and 
also the properties of the substrate upon which it is being applied.  For example, commonly used 
application methods for metallic and ceramic coatings include techniques such as electroplating, 
electrogalvanising and chemical vapour deposition all of which are high temperature processes 
which while suitable for metals would be problematic if implemented with polymeric systems due to 
their low thermal stability. The substrates used in this work, epoxy resin and PMMA, are polymeric 
with glass transition temperatures around 120 – 180°C and 105°C respectively and thermal 
decomposition temperatures of around 300°C [37]. These polymers would not be suitable for any 
high temperature application methods. In the case of liquid coatings there are many different 
coating techniques, these include spray coating, spin coating, dip coating, roller coating and also 
combinations of these coating techniques [38]. Methods which would be suitable for polymeric 
substrates are discussed below.  
2.4.1. Brushing [1] and Roller Coating 
Brush coating is done through the use of a synthetic or natural hair brush which is 
appropriately sized and compatible with the product being applied. Whilst this is a very useful 
application technique for complex areas and stripe coating, it runs into limitations with large 
surfaces and more viscous coatings which do not level well as it is difficult to ensure an even coating 
thickness and may leave brush marks in the coating surface. Roller coating is very similar to brush 
coating, however instead of using a brush the coating is applied to the substrate using a roller or, as 
in industrial processes, a series of rollers [39]. Both brush and roller coating techniques require the 
coating to be within a certain viscosity range so that the coating is viscous enough not to drip too 
easily from rollers or brushes, but not so viscous that it is difficult to spread evenly. 
2.4.2. Spraying [1] 
Spray application is a much more rapid coating method than brush application, with the 
coating applied as a fine spray using a pressurised air stream onto the substrate. In order to do this 
the coating is placed in a closed container, with a canister of high pressure filtered compressed air 
used to atomise the coating and direct it through a nozzle from which the coating is applied. 
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However this coating method, despite its swiftness of application, does have several drawbacks. The 
use of high pressure air creates the potential for overspray and can create blow back of the coating 
and rebound from the surface resulting in loss of coating. It is also difficult to create high build 
applications of coating using this method as coatings may need to be thinned to give them a suitable 
viscosity for atomisation and application. 
2.4.3. Plasma deposition 
 Plasma is, in general, a gas which has been either fully or partially ionised and contains many 
species including radicals, positive and negative ions, electrons, electronically excited molecules and 
both UV and visible photons [40]. Plasma can be generated over a wide range of temperatures from 
low to very high and pressures from low through atmospheric to high. In laboratory settings the 
plasma is generated using thermal energy, applied voltage or electromagnetic radiation coupled to a 
gaseous medium [41]. The electron density of polymer beam can be separated into two different 
classes of plasma: thermal or equilibrium plasma, and cold plasma also known as non-thermal or 
non-equilibrium plasma. A quick overview of the characteristics of these two types of plasmas are 
given in Table 2.1 [40][41] 
Table 2.1. Comparison of Plasma Types 
Type Characteristics 
Thermal Plasma Te ≈ Tion ≈ Tgas = 10
6 - 108 K 
Electron density: ≥ 1020 m-3 
Non-Thermal Plasma Te>>Tion 
Te ≤ 10
5 K (≈ 10 eV) 
Tion ≈ Tgas ≈ 300 - 10
3 K 
Electron density: < 1019 m-3 
Te is electron temperature, Tion is ion temperature, Tgas is gas temperature 
 
The data in Table 2.1 shows that in a thermal plasma the components are in thermal 
equilibrium meaning that the electrons and ions have high temperatures. Compared to this the non-
thermal plasma is not in thermal equilibrium, leaving the ions and neutral gas species with low 
energies but giving the electrons a relatively high energy. This means that thermally sensitive 
substrates are much less likely to be damaged by these types of plasma. However the drawback of 
non-thermal plasma is that the electron density is much lower than in the thermal counterpart. 
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2.4.4. Layer by Layer deposition 
 Layer by layer deposition has been well studied and is commonly used in surface 
modification and membrane fabrication [42]. Layer by layer fabrication involves the application of 
thin alternating layers of cationic and anionic materials, allowing the formation of membranes down 
to a nanoscale thickness [42]. This method gives the ability to synthesise membranes with a wide 
variety of properties though simple modifications of the polyelectrolytes used, the number of layers 
used and the strength of the deposition solutions [43]. There are multiple methods for the 
application of the layers used to fabricate a layer by layer assembly for a coating, these include; 
dipping [44][45], spray deposition [46][47] and spin coating [48]. 
2.5. Polymerisation to give coatings 
Polymerisation is the process of reacting multiple monomers together to form polymer chains. 
There are several mechanisms through which the polymerisation reaction can occur which are 
discussed in more detail in this section. The reaction mechanism which the polymerisation follows 
depends upon several factors related to the functional groups on the monomers and their steric 
effects. Within these mechanisms there are two main reactions which occur; chain reaction 
polymerisation and step growth polymerisation, where the latter can result in the loss of a low 
molecular weight molecule when the polymer is formed.  
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Figure 2.1: Examples of a) chain reaction polymerisation and b) step growth polymerisation 
 
2.5.1. Step Polymerisation 
Step growth polymerisation has been known about and used since the earliest synthetic 
polymers were introduced with the invention of Bakelite, Nylon and Polyester. Step growth 
reactions involve two molecules (which may be monomers, dimers, trimers etc) reacting together to 
form a longer polymeric chain in a series of consecutive but separate reactions which may be either 
rearrangement or condensation reactions.[49] However for ideal reaction conditions to prepare 
polymers with a high molecular weight the monomers involved in step growth polymerisations need 
to have a functionality of two, stoichiometry of one, high rate of conversion, no side reactions and 
produce easily removable side products if any. [50] These requirements can limit the uses of these 
polymers as many of them lack functional groups on side chains which would allow them greater 
scope and specialisation, which introduces the need for further reactions to functionalize the 
polymer chains. [49]  
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2.5.2. Chain polymerisation 
In chain growth polymerisation monomers successively add on to an active centre, either a free-
radical, an anion, a cation or a metal centre, at the ends of the growing polymer chain, these 
reactions are unlike step growth reactions in that they always require an initiator, either chemical or 
physical. [51] This successive addition of monomers can result in high molecular weight polymers 
very early into the reaction time 
2.5.3. Graft Polymerisation 
Graft polymers are those in which the side chains are different in composition and structure to 
the main backbone chains of the polymer. In these polymers the backbone chains are usually formed 
first, using monomers which have side chains containing functional groups which would then allow 
further groups to be added onto them, and then the full grafted side chains of a different monomer 
are added in the second stage of the process by reacting with the functional groups on the 
backbone. [52] 
2.6. Curing of polymeric coatings 
Polymeric coatings can be laid down on the surface of the substrate as both linear soluble 
coatings or as cross-linked (cured) insoluble materials with some examples being rubbers, silicones 
and phenolic resins. This work concentrates on cross-linkable coatings since these in general durable 
materials. This section discusses the methods used to crosslink or cure them.    
 Curing is an important stage in the processing of many polymers and composites in order to 
solidify and set them prior to commercial and industrial use [53]. The curing process involves the 
promotion of crosslinking via the activation of molecules in the polymer either through the 
ionization of radiation sensitive molecules or through the increase in energy of molecules. This 
process can be done through several different methods, namely thermal curing, UV curing, electron 
beam curing and microwave curing, all of which impart energy to the polymer thus triggering the 
cure. The choice of curing method and equipment can be vital in producing the best end product in 
the most energy and cost efficient way. Each of these curing techniques are addressed as part of this 
research.  
2.6.1. Thermal curing 
 Thermal curing is based on using heat (thermal energy) to initiate polymerisation and 
encourage crosslinking through the transfer of heat, this is usually done using an oven. The 
temperatures required for thermal curing to take place are unique for each polymer, with some 
polymeric systems requiring more than one stage of curing at different temperatures. Higher 
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temperatures used in thermal curing will usually result in a faster rate of cure, however when 
thermal curing is applied to a coating the properties of the underlying substrate must also be taken 
into account so as to not damage the substrate by using too high a curing temperature. Curing 
temperature can also have an effect on the properties of the final product such as changing the glass 
transition temperature and the stress/strain values [54][55]. The type of oven used in thermal curing 
also has to be taken into consideration, convection ovens offer the most even cure, as the circulated 
hot air will heat the sample evenly, whereas infrared ovens may produce a more energy efficient 
cure as they produce direct heating, however this means that areas of a sample closer to the 
infrared source will be heated faster and any shadowed areas may not get exposed to the infrared 
[56]  As many materials used today have much higher performance requirements than those used in 
the past due to much wider application areas and much more refined tasks, the length of thermal 
processing time has also increased [53]. Time taken for thermal curing to occur is based on the 
conduction of heat through the polymer, which is determined by its thermal conductivity. This also 
accounts for newer polymers, especially composites, having much longer curing times due to having 
a lower thermal conductivity [57].  
2.6.2 UV Curing 
UV curing relies on photopolymerisation, also known as light induced polymerisation, either 
with or without the use of a photo initiator. Photopolymerisation can be either ionic or free radical. 
There are several advantages to the use of UV curing in polymer processing; it is a typically 
solventless; is a low temperature process, which is also generally high speed [58]; is low cost [59]. 
For these reasons it has seen much use in the formation of films [60] and in medical and printing 
applications.  A UV curing reaction follows either a radical or cationic mechanism, with the cationic 
pathway being more characteristic of epoxy oligomers, vinyl ethers, and oxetanes [61]. UV curing 
has been shown to be generally effective for the cure of vinyl polymers [62][63]. UV curing is also 
proven to be effective for the formation of 3D cross-linked networks [64]. 
2.6.3 Microwave Curing 
UV curing whilst generally effective and well researched is time consuming and may produce 
areas where the coating is not fully cured due to limited depth of penetration or areas of shadow. 
Due to this and the thickness of the coating which was applied other potential curing methods were 
investigated. The use of a domestic microwave oven has been shown to be a swift and effective 
curing mechanism for epoxy matrices by Rao when pulsed heating was applied [65]. Microwave 
curing itself works through three different effects; a heating effect from energy provided to the 
molecules in the atom by the microwave radiation, rate enhancement and/or increase in yield 
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through activation of active centres and diversion of the course of a reaction. While the heating 
effect is not any different to other thermal activation in mechanism, it may be swifter and provide a 
more even heating across the sample than conventional means, with the effect being dependant on 
the dielectric properties of the material [57]. These effects have been reviewed and studied more 
closely by Ritter and his group [66] and Lee et al [67] who more closely studied the effect of 
microwave radiation on the processing of polymer coatings. The overall chemical mechanism of the 
curing however, does not appear to be any different to conventional thermal curing, as shown by 
Johnston et al [53] however the reaction rate does decrease with higher temperatures, a finding 
which was also observed in the work done by Nesbitt et al [68]. It was also shown that the shape of a 
microwave curing cavity, whether rectangular or cylindrical could have an effect on the microwave 
curing of an epoxy resin, with a rectangular cavity producing an improved cure time by around 30%, 
while a cylindrical cavity did not produce a cure rate any faster than that obtained by thermal curing 
[69]. 
 
2.7 Flame Retardant Thermally Protective Coatings 
Thermally protective (non FR) coatings are commonly used on cookware to protect the 
underlying metal, these coatings must be resistant to heat and commonly use fluorinated or silica 
containing coatings, however fluorinated coatings cannot always be used in materials exposed to 
very high temperatures as these can degrade and release toxic gases when exposed to temperatures 
over 300°C. [32] Other examples of thermally protective coatings are ceramic wool, like that used in 
ships and expandable graphite which is also a flame retardant coating. Over the years there has 
been much research into flame retardant thermally protective coatings of both intumescent 
(coatings which expand) and non intumescent (coatings which do not expand) types. Traditionally 
non-intumescent coatings contained halogenated compounds such as bromines or chlorines in order 
to quench the production of free radicals, or inorganics which will form a glassy char over the 
surface to protect the underlying material [70]. Non intumescent coatings generally are thin and 
hence, are less likely to have detrimental effects on the mechanical properties of the material they 
are applied to [71]. Due to the recent scrutiny of halogenated flame retardants phosphorus based 
ones have been seeing more use, with the most popular being phosphorus esters. [30] 
 
Intumescent coatings are coating which expand upon heating due to the inclusion of a 
blowing agent which produces a foaming effect creating the expansion. This blowing agent combines 
with an acid in the flame retardant formula in order to start the expansion reaction, with other 
flame retardant ingredients added to produce the char and other flame retarding effects. Early 
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intumescent coatings required a thick and costly coating in order to be effective, however the 
percentage of active ingredients needed per unit volume of coating have over time through research 
and development been reduced to allow for much thinner but still effective coatings, as such many 
modern intumescent coatings have much more complex formulae than their earlier counterparts 
[72]. Ammonium polyphosphate (APP) and pentaethrythritol (or another polyol) are commonly 
combined in flame retardant intumescent coatings, as well as expanded graphite and aluminium 
trihydrate. Melamine is also commonly used in intumescent coatings, mostly as a blowing agent 
[72]. There has also been research done into the use of silicates in flame retardant coatings with 
some promising results, especially in the cases of alkali silicates [73][74]. Due to the success of 
phosphorus in intumescent flame retardant coatings further research has been done on other 
intumescent coatings using phosphorus compounds as a base, including the work done on vinyl 
phosphonic acid intumescent coatings by Opwis et al. [75] 
 
2.8 Vinyl phosphonic acid & dimethyl vinyl phosphonic acid based 
coatings 
Poly(vinylphosphonic acid) has been used in many different applications, including as fuel cells, 
polymer electrolyte membranes,  biomaterials (for example dental cements and bone grafting) and 
as a flame retardant [76]. It is commonly used as a copolymer alongside other monomers in order to 
enhance its properties depending upon end usage, for example when designed as use for a fuel cell 
VPA can be copolymerised with vinyl pyrollidone [77] or triazole [78], however in both cases the end 
polymer maintains a thermal degradation temperature around 200°C thanks to the good thermal 
properties of vinyl phosphonic acid. As a flame retardant poly(vinyl phosphonic acid) has also been 
shown to be effective when used alone or combined with other monomers. For example in 
combination with polyethylenimine as a blowing agent in an alternate assembly method, poly(vinyl 
phosphonic acid) has been shown to be a very effective flame retardant of Ramie fabrics, with an 
impressive decrease in peak heat release from the control, less vigorous flaming and reduced glow. 
[79]  
The work described in this thesis builds on the previous studies of Opwis et al at the University 
of Duisburg-Essen [75] and Luangtriratana et al at the University of Bolton [80] in which UV 
polymerised poly(vinyl phosphonic acid) (PVPA) was used as a flame retardant to great effect on 
both textiles and glass reinforced epoxy composite (GRE), respectively. On textiles the PVPA gave an 
add-on weight of at least 36 wt% after washing and imbued self-extinguishing properties when 
tested using flame spread [75]; on epoxy composites the PVPA coating prevented ignition under the 
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cone calorimeter at a heat flux of 35 kW/m2 [80]. However unlike when it is applied to textiles the 
PVPA coating on GRE did not display resistance to water, with substantial loss of the coating when 
submitted to a water soak test. This is the key problem that this work aims to solve.  
 
2.9. Hydrophobicity of Coatings 
One problem with phosphorus based flame retardant coating, especially those based on poly 
(vinylphosphonic acid), is that they are not particularly hydrophobic thus are prone to water wear. 
Jindasuwana et al studied the influence of siloxanes, polymethylhydroxysilane (PMHS) and 
polydimethylhydroxysilane (PDMS) on the washing durability of phosphorus containing flame-
retardants on fabrics and found that a combination of the two produced the best results when 
tested on cotton fabric [81]. PMHS has also been studied for its use as a modifying agent in sol-gel 
type coatings with tetraethyl orthosilicate (TEOS) by Guo et al to produce superhydrophobic 
composites [82]. Superhydrophobic surfaces have also been produced on polymers and composites 
by Hurst et al using a combination of surface etching and the application of a fluorinated silane 
through vapour deposition [83]. 
 
2.9.1 Metal – Phosphorus Complexes as Potential Hydrophobic Flame 
Retardant Coatings 
Metal complexes are large molecules with a central metal ion surrounded by a number of 
molecules or ions which are bound to it [84]. These surrounding groups are referred to as ligands. 
The maximum number of molecules which can surround the central metal ion is determined by the 
oxidation state of the metal, this also has an effect on the shape of the metal complex, alongside the 
denticity of the groups surrounding it. Metal complexes vary in strength, depending on the strength 
and type of bonding that holds the ligands in place. Some metal complexes are so strongly bonded 
that they are formed irreversibly [85]. 
 
Metal phosphates are commonly used in flame retardants such as in Safire® 200 which uses 
melamine-poly(aluminium phosphate) and Safire® 400 and 600 which use  zinc and magnesium in 
place of aluminium respectively. Polymers made with these flame retardants display reduced peak 
heat release rate and V0 classification in UL-94 flammability testing. [86] Metal chelates have also 
been shown, in combination with flame retardants, to improve the flame retardancy of polymers by 
forming a more thermally stable char layer which helps to improve limiting oxygen index and reduce 
peak heat release rate [87]. Nickel, copper and cobalt metal chelates have also been studied in 
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phosphorus based flame retardants with varying degrees of improvement in flame retardancy – 
nickel giving the best effect [88]. Ammonium phosphate has also been combined with metal ions in a 
study on the flame retardant effect of these when used as part of a back coating process for textiles 
where both magnesium and iron were proven to be effective at improving the flammability 
performance of the materials [89]. 
 
Metal phosphates, particularly the combination of vinyl phosphonic acid and magnesium oxide, 
have also been studied with success as potential dental cements [90]. Due to their use in a wet 
environment these cements have excellent water resistance, a property which is of great interest to 
this study due to the otherwise poor water performance of vinyl phosphonic acid coatings alone. 
Poly(vinylphosphonic acid) has also been combined with zinc polycarboxylate to form dental 
cements, again with good results [91].  
 
2.10 Characterisation of coatings  
There are a wide variety of techniques used to characterise materials and to evaluate their flame 
retardance, these include; microscopy, infra-red spectroscopy (FTIR), thermogravimetric analysis 
(TGA), cone calorimetry, UL 94 and limiting oxygen index. While these are not applicable to all types 
of materials or flame retardants, they each have their merits and limitations which will be discussed 
in further detail in this literature review. For the purposes of this study, due to their compatibility 
with the use of a flame retardant coating on a polymeric substrate, the test methods used to 
quantify flame retardance were cone calorimetry and spread of flame. 
 
2.10.1. Characterisation of Materials 
 Microscopy is used to give a clearer view of surface characteristics of a sample by magnifying the 
image of the surface. This gives an overview of the surface morphology of the coating. 
Infrared spectroscopy measures the amount of infrared light absorbed by a sample and at which 
wavelengths this light is absorbed, this data is recorded as the wavenumber (1/λ in cm-1). As 
different bonds will absorb infrared light at different wavelengths due to excitation this information 
can then be used to determine which atoms in the substance are bonded to which and thus gives an 
idea of the chemical structure of the flame retardant. 
Thermogravimetric analysis (TGA) is a technique where the mass of a sample is weighed over a 
period of time during which the sample is heated. [92] This is done on a very small scale, with 
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samples typically weighing less than 20mg. The results of this can be used to work out the 
degradation rate of a material, as well as giving insight into the temperatures at which the material 
starts to degrade and whether this process happens in stages. As the mass is taken throughout the 
test it also gives insight into how much of the material is left as residue.   
2.10.2 Fire Testing 
 The cone calorimeter is a piece of testing equipment used as part of the ASTM E 1354-90 and ISO 
5660-1 standardised tests. The cone calorimeter is capable of measuring time-to- ignition, time-to-
flame out, smoke density, carbon dioxide and carbon monoxide concentrations and also calculates 
heat release through a relationship between oxygen consumption and energy output (this is 
discussed further in Chapter 3, Section 3.6). [93] This makes the cone calorimeter a very useful 
bench scale test, with the ability to model the behaviour of a material in various atmospheric oxygen 
conditions. [94] The standardised size for samples to be tested using cone calorimetry is 100 mm x 
100 mm. Longer times-to-ignition and lower heat outputs are preferable for flame retardant 
coatings, as a longer time-to-ignition allows for more time to escape and lower heat output also 
increases the chances of survivability. The smoke output is also important, as a lower smoke output 
can improve the flame retardant classification of a material.  
 The limiting oxygen index (LOI) is the percentage by volume of oxygen in an oxygen-nitrogen 
mixture at which a sample will just burn. For this test a small specimen of the material (80 – 150mm 
long, by 10mm wide by 4mm thick) to be tested is held vertically within a tube containing a known, 
adjustable, concentration of nitrogen and oxygen. The concentration of oxygen is then adjusted until 
the sample only just burns after it has been ignited with a flame. [95] This tests the combustibility of 
a polymer, with 21% being the standard concentration of oxygen in the air a polymer with a LOI of 
21 of below with burn continuously under normal conditions, thus the higher the LOI the less 
flammable the material is.  
The UL94 is a widely used small scale test for studying the flammability of polymers preliminary to 
any further large scale testing [96][97]. The UL94 can be performed on samples held both 
horizontally and vertically in a clamp. For both tests the sample size to be tested is 13 mm by 127 
mm and during the test a 20mm height Bunsen flame is applied to the end of the specimen for 30s in 
the horizontal burn test or 10s twice. The interval between applications being the time taken for 
burning of the sample to cease. The classifications given to samples are: V0; total combustion time is 
less than 30s and there are no flaming drips; V1; combustion time is less than 60s and no flaming 
drips and V2; combustion time is less than 60s and there are flaming drips are present. If the sample 
burns up to the clamp or combustion lasts for longer than 60s then a fail is recorded. [96] A 
36 
 
breakdown of the classification requirements is given in Table 2.2. 
Table 2.2: UL 94 Classification Requirements 
UL 94 Flammability Rating 
 V0 V1 V2 
Burning time after flame application (s) ≤10 ≤30 ≤30 
Total burning time (s) (10 flame applications) ≤50 ≤250 ≤250 
Burning and afterglow times of specimens after second flame 
application (s) 
≤30 ≤60 ≤60 
Dripping of burning specimens 
(ignition of cotton batting) 
no no yes 
Specimens completely burned no no no 
 
Both the LOI and UL-94 tests are not effective in the testing of surface coatings due to the edge 
application of the flame, which allows the polymer surface behind the coating to ignite and thus 
were not used in the course of this project.  
The surface spread of flame test, BS 476: Part 7, is used to determine ignitibility and flame 
propagation across the surface of a sample and is commonly used for the testing of construction 
materials in line with many standards. For this test a sample is held in a cooled holder at a 90° angle 
to a radiant heating panel, the irradiance along the sample varies from a maximum of 32.5kW/m2 at 
75mm along the sample, to a minimum of 5kW/m2 at 825mm along the panel.  The sample is 
exposed to a pilot flame for one minute at the start of the test, and to the radiant panel for ten 
minutes total. Samples used for this test need to have an essentially flat surface, are generally 885 x 
270 mm, and are presented as they would be in end use, i.e., wallpapers and paints applied to 
substrate with any adhesives used such as would be used. The sample is marked with reference lines 
at 75mm and then every 150mm after that up to 825mm. During the test the time the flame passes 
each reference line is recorded, the distance travelled by the flame is recorded at 1.5 minutes and 10 
minutes, as well as the appearance of any flashing, transitory flaming or debris falling from the 
sample holder.  Samples tested using BS 476: Part 7 can be given one of four classes, which are given 
in Table 2.3. [98] As shown in Table 2.3 the further the spread of flame the less effective the flame 
retardant is.  
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Table 2.3: BS 476: Part 7 Classification Requirements 
Classification 
Spread of Flame at 1.5 min Final Spread of Flame 
Limit  
(mm) 
Limit for one 
specimen in sample 
(mm) 
Limit  
(mm) 
Limit for one 
specimen in sample  
(mm) 
Class 1 165 165 + 25 165 165 + 25 
Class 2 215 215 + 25 455 455 + 45 
Class 3 265 265 + 25 710 710 + 75 
Class 4 Exceeds the limits for Class 3 
 
 
Figure 2.2: BS 476: Part 7 test 
Thermal resistance measurement (BS EN 12667)–. A guarded hot plate or heat flow meter is used to 
measure the thermal resistance of the sample which may be between 20mm and 100m thick 
depending on the test equipment set up, whether this is a one or two specimen guarded hot plate 
apparatus, or a heat flow meter apparatus (diagrams of all set ups are shown in Figure 2.3 and Figure 
2.4). Measurements taken include the temperature on both faces of the sample (one facing the heat 
source and one not), the time taken for the test and the sample measurements. After the test is 
completed the density and mass change of the sample are recorded, and the heat transfer is 
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calculated using the temperature difference between the hot and cool surfaces of the sample. [99] 
This test can be used to determine how easily heat transfers through the sample, a lower rate of 
heat transfer affords a greater deal of protection to anyone on the other side of a division or barrier 
from a fire.  
 
Figure 2.3: guarded hot plate apparatus set up BS EN 12667 
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Figure 2.4: Heat flow meter apparatus BS EN 12667 
Thermal conductivity measurement (ISO 22007-2)  is another test which focuses on the thermal 
conductivity of plastics (whereas EN 12667 is more generalised). In this test a specimen containing a 
hot-disc probe is heated via the probe which works as a self-heated sensor, measuring the 
temperature increase over time. The size and thickness of specimens depends on the properties of 
the material and the end use dimensions of the final product, with a thickness range of 10mm to 
30mm and a diameter range of 40mm to 90mm. The thermal resistance of the plastic is measured 
using the change in temperature of the sample over time. [100] 
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Chapter 3. Experimental 
 
This chapter describes the experimental methods using to prepare, apply and cure substrates and 
coatings used in this work, as well as the testing methods used for characterisation and analysis of 
the coatings and their durability and flame retardant properties. Where required these methods are 
expanded upon in the relevant sections in later chapters.  
3.1 Substrate Materials 
3.1.1. Glass fibre-reinforced epoxy (GRE) composite [80] 
Glass fibre-reinforced epoxy composite laminates were prepared using: 
Epoxy resin system: epoxy phenol novolac resin (Araldite LY5052, Huntsman) and cycloaliphatic 
polyamine-2,2-dimethyl-4,4-methylene bis cyclohexylamine hardener (Aradur HY 5052, Huntsman). 
Glass fibre: woven roving glass fibre of E-glass type (300 g/m2, Glasplies). 
Each epoxy composite was made using eight layers of 300 mm x 300 mm squares of glass 
fibre and a 1:1 glass fibre : epoxy mass ratio. The epoxy matrix was prepared by mixing Araldite 
LY5052 resin and Aradur HY5052 hardener in a 70 : 30 mass ratio and stirring with a glass rod until 
homogenous. Each layer of fabric was impregnated with the epoxy matrix using a roller in a wet 
hand lay-up technique. The samples were then vacuum bagged and cured for 24 hr at room 
temperature followed by a post cure for 8 hr at 80 °C under 1 bar of pressure. On removal from the 
vacuum oven the samples were cut into plaques of suitable size for coating with a flame retardant 
and subsequent testing. 
3.1.2. PMMA (Lucite UK) 
 PMMA sheets of 3 mm thicknesses were sourced from Lucite UK. Two types of 
PMMA sheets were supplied: i) standard clear PMMA containing unspecified additives as used for all 
commercial and domestic purposes, referred to here as PMMA  and ii) sheets specially 
manufactured by Lucite UK, containing no additives, referred to here as PMMA-AF. These sheets 
were then cut into plaques of suitable sizes for testing. 
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3.2 Materials for Surface Coating 
3.2.1. PVPA surface coating (used as a control)  
Monomers: vinyl phosphonic acid (BASF),  
Crosslinking agent: triallyl isocyanurate, TAICROS® (TCI Europe N.V.)  
Photo-initiator: 2-hydroxy-2-methylpropiophenone, Darocur1173 (TCI Europe N.V.) 
3.2.2. Modified PVPA surface coatings 
3.2.2.1. Additional/replacement monomers and polymers 
● Dimethyl vinyl phosphonic acid (BASF) 
● Dibromostyrene (Chemtura Corporation)  
● Acrylonitrile (Fisher Scientific) 
● Chitosan (Sigma-Aldrich) 
● Polydimethylsiloxane (PDMS) (Sigma-Aldrich) 
 
3.2.2.2. Surface Top Coating:  
● Hexamethyldisiloxane (HMDSO) 98% purity (Sigma-Aldrich) 
● Tetraethoxysilane (TEOS) (Sigma-Aldrich) 
● Unspecified calixarene sample (Sheffield University) 
● Matt White Vinyl Paint (Dulux, B&Q) 
● Commercial waterproof coating (Deichmann brand) 
● Nitrocellulose coating  (Makeup Academy brand clear nail varnish, Superdrug) 
● Cellulose Acetate 
 
3.2.2.3. Additives:  
● Magnesium oxide 
● Zinc chloride  
● Calcium Silicate (synthesised in the laboratory using Calcium Chloride (BDH Chemicals) and 
Sodium Silicate (Fischer Scientific), the details of the synthesis are given in Chapter 5, 
Section 5.1)  
● Chitosan (Sigma-Aldrich) 
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3.3. Sample Preparation 
3.3.1. Pre-Treatment of Substrate 
3.3.1.1. Atmospheric Plasma [101] 
Some substrates were pretreated using argon atmospheric plasma treatment in order to 
activate the surface and investigate whether this had any effect on the subsequent coating 
performance during testing. The plasma was generated using a Surfatron microwave cavity with a 
quartz plasma containment tube connected to a microwave generator (SAIREM) at 2.45 GHz with 
power output ranging from 0 to 300 W. Argon (99.99 % purity, 20 l/min flowrate) was passed 
through the quartz tube where a glow was generated and ignited using a copper wire. A distance of 
10 mm between the plasma and the sample was maintained throughout the treatment of the 
substrate  
3.3.1.2. Sandpaper 
The substrate was gently buffed with 0 grade wet and dry paper in order to add small scale 
roughness to the surface and test whether this has any effect on coating adhesion and coating 
performance during durability testing. 
3.3.1.3. Acid 
The substrate surface was treated with a quick wash of concentrated nitric acid in an 
attempt to oxidise the surface to improve wettability and test the effect of this on the water soak 
durability testing performance of the coating. 
3.3.1.4. Corona Discharge 
 A handheld tesla coil (output 10-55kV, 200kHz) was passed slowly over the surface of the 
substrate prior to coating application in an attempt to oxidise surface of the substrate. 
3.3.2. PVPA Coating on substrates 
All substrates were wrapped with tin foil along the base and edges of the sample to prevent 
the coating from flowing over the edges and thus off the testing surface, this barrier was secured 
using a polymer clay support and nitrocellulose based coating as a temporary adhesive and sealant. 
The vinyl phosphonic acid monomer, crosslinking agent (triallyl isocyanurate, 10 % by weight) and 
photo initiator (2-hydroxy-2-methylpropiophenone, 10 % by weight) were mixed together using a 
glass stirring rod and manual stirring. Approximately 3 g of coating was applied to the surface of 
each plaque (75 mm x 75 mm) by pouring followed by brushing to give an even coat. The coating 
was then cured under six 15W UV black light bulbs with a 360 nm wavelength peak emission in a 
nitrogen atmosphere for 6 hr to polymerise. 
 
A range of samples was prepared using dimethyl vinyl phosphonic acid, dibromostyrene, 
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acrylonitrile, chitosan and polydimethylsiloxane as co-monomers/polymers included in the VPA 
mixture, alongside samples prepared using magnesium oxide, calcium silicate, zinc oxide and 
chitosan as solid additives into the VPA mixture. Further details of these samples, including specifics 
relating to their synthesis are included in Chapter 5, Section 5.1. 
 
A range of samples was also prepared using a top coat over the cured PVPA coating, These 
top coats were polyhexamethyldisiloxane, tetraethoxyorthosilicate, an unspecified calixarene, matt 
white vinyl paint, a commercial waterproofing coating and a cellulose nitrate coating. Further details 
of the synthesis and application of these top coatings are given in Chapter 6, Section 6.1. 
  
3.3.3. Plasma Polymerisation of HDMSO 
 Using the atmospheric plasma set up as described above the argon gas was bubbled through 
HMDSO prior to entrance to the setup. In this way the argon gas served as a carrier gas for the liquid 
HDMSO. The plasma generated was then passed slowly over a PVPA coating applied to a substrate in 
one layer, using a 10 mm distance between the plasma and the sample. 
3.3.4. Sol-Gel Type One Pot Process 
 This process was adapted from that which was described in a paper by Grunlan et al [102] 
and was used for chitosan containing coatings. 2 wt % poly(vinyl phosphonic acid) and 1 wt % 
chitosan solutions were prepared using deionised water. The chitosan solution included the addition 
of a small quantity of acetic acid to enable the chitosan to dissolve. The two solutions were then 
mixed and the substrate was soaked in the resulting gel for 30 minutes. The substrate was then 
removed and dried in an oven at 80°C for 3 h. 
3.3.5 Making plaques of coating formulations 
 For closer investigation of the behaviour of the coatings during water soak testing plaques of 
the coating independent of a substrate were synthesised. These plaques were synthesised using the 
VPA mixture as detailed in Section 3.3.2, including any additives or co-monomers as required 
(further details of these syntheses are given in Chapter 5, Section 5.1 and Chapter 6, Section 6.1). 
Approximately 3g of coating mixture was poured into a round aluminium mould (Tamsen and 
Mercer aluminium weighing boat) and cured under UV light. Where a top coat was applied this is 
applied to the plaque after it has been fully cured, with the coating applied to both faces and the 
sides. 
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3.4. Physical and Chemical Characterisation of Coatings 
Samples of PMMA were weighed on a digital balance and the thicknesses measured using 
digital callipers both before and after application of the coating and the coating weight and thickness 
were obtained from these. The mass and thickness of the coating was calculated using Formula 3.1 
and Formula 3.2 respectively: 
Mcoat = Msub1 – Msub0                                                                                            (Formula 3.1) 
 
Tcoat = T1 – T0                                                            (Formula 3.2) 
 
Msub0 Mass of uncoated substrate 
Msub1 Mass of coated substrate 
Mcoat Mass of coating 
Tcoat Thickness of coating 
T0 Thickness of uncoated substrate 
T1 Thickness of coated substrate 
 
The surface morphologies of the coatings, in the form of plaques, were studied using an 
optical microscope (Celestron Handheld Digital Microscope). Characterisation of the composition of 
the coatings was performed on plaques of the coating independent of a substrate using infrared 
attenuated total reflection spectroscopy (FTIR-ATR) over the range 4000 – 600 cm-1 using a Nicolet 
iS10 Spectrophotometer (Thermo Scientific). Infrared spectroscopy uses infrared radiation to excite 
the bonds within the sample and then exploits the energy absorbed and transmitted across the 
spectrum to generate a graph of wavenumbers which correlate to specific excited modes of bonds. 
The spectrum can be used to assign the types of bonds within the coating.  
 
3.5. Durability of Coatings 
3.5.1. Durability to peeling 
The adhesion between the coating and the substrate was tested using a simple tape pull 
test, similar to BS EN ISO 2409:2007. A piece of Sellotape (25 x 50 mm) was applied to the surface of 
the coated composite and smoothed to ensure good contact. The tape was then peeled back at 180° 
in one movement. The sample was weighed before and after testing and the percentage mass lost 
was calculated using Formulas 3.3, 3.4 and 3.5: 
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MC = Mcoated - Msubstrate                                                                                       (Formula 3.3) 
Clost = MC - (S0 – S1)                                                                                           (Formula 3.4) 
% Coating Mass Lost  = (
𝐶𝑙𝑜𝑠𝑡 
𝑀𝑐
) 𝑥 100                                           (Formula 3.5) 
 
MC Mass of coating 
Mcoated Mass of coated plaque 
Msubstrate Mass of substrate 
Clost Mass of coating lost 
S0 Mass sample prior to tape pull test 
S1 Mass sample after tape pull test 
 
3.5.2. Durability to water soaking 
The effect of water on the coatings was evaluated using a water soak test similar to BS EN 
ISO 2812-2:2007. These tests were carried out on samples of coated substrate in order to study 
whether any coating remains on the surface of the substrate following water soak testing. The edges 
of the composite and coating were sealed and the samples were submerged in water at room 
temperature for 24 h after which they were removed and dried in an oven for 3 h. Samples were 
weighed both before soaking and after drying and the mass lost was calculated from the difference 
between the two values using Formulas 3.6 and 3.7. 
Mlost = M0 – M1                                                                                                     (Formula 3.6) 
% Mass Lost  = (
𝑀𝑙𝑜𝑠𝑡 
𝑀0
) 𝑥 100                                                (Formula 3.7) 
 
Mlost Mass lost 
M0 Mass prior to water soak test 
M1 Mass after water soak test 
 
Water soak testing was also carried out on plaques of the coating formulations independent 
of any substrate. The plaques were synthesised as described in Section 3.3.5 of this Chapter and 
were soaked in water at room temperature for 24 h using the same method described above. The 
mass of the plaques was measured both before the test and after drying following the test. In 
samples where a top coat was applied to the plaque this was applied to both sides and all edges. 
Testing was carried out on plaques to more closely study the amount of the coating which was 
soluble in water, allowing a basic analysis of the degree of cross linking within the sample and 
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whether the use of any additives or co-monomers had an effect on this as fully cross-linked polymer 
is not soluble in water. This testing also gave a better insight into the effect of water on the coating 
physically. The percentage of the mass of the plaque lost during the test was calculated using 
Formulas 3.8 and 3.9. 
 
MP-lost = MP0 – MP1                                                                                (Formula 3.8) 
% Plaque Lost = (
MP-lost  
𝑀P0
) x 100                                    (Formula 3.9) 
 
MP-lost Mass of plaque lost 
MP0 Mass of plaque before soaking 
MP1 Mass of plaque after soaking 
 
3.5.3. Durability to surface wetting 
Water drop testing was also carried out where the coated sample was placed on a level 
surface and a drop of water which was coloured using methylene blue dye was applied to the 
surface. The sample was monitored over time using a digital video camera which recorded the test 
for a duration of thirty minutes to observe and note any changes in the coating due to the water 
application and times changes occurred. Changes observed during the test were change in contact 
angle of the water drop, and visible physical changes such as swelling or rupturing of the coating 
surface. 
 
3.6. Thermal Stability of Coatings 
 
Characterisation of the thermal stability of the coating formulations was carried out using 
thermogravimetric analysis performed on small pieces (< 2 mg) of plaques, to allow study of the 
stability of the coating without any interference from the underlying substrate. The 2 mg sample size 
was chosen due to the intumescent character of the coating, which may cause problems within the 
machine in the use of larger samples. In coating formulations with co-monomers or additives a very 
small sample of the plaque was taken. In the coatings where a top coat had been applied a small 
piece of the pure VPA coating was taken from a plaque and the top coating was applied to this small 
sample in order to ensure all of the piece to be tested was coated. Thermal stability analysis was 
carried out on a TA Instruments SDT 2960 Simultaneous DTA/TGA apparatus under air (100 ml/min 
flow rate) using platinum pans and a 10°C per minute heating rate between 50°C and 900°C. 
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3.7 Flammability Study 
All samples of coated and uncoated substrate were tested in duplicate using a cone 
calorimeter (Fire Testing Technology UK) at a heat flux of 35 kW/m2 in a horizontal orientation at 25 
mm distance from the heater with no spark ignition source. Sample size was 75 x 75 mm and all 
samples were wrapped on the edges and back surface with aluminium foil to ensure that only the 
coated surface was exposed to the heater. The cone calorimeter uses a conical heater to expose a 
sample to a specified heat flux and temperature, to mimic the environment found in fire conditions. 
A constant flow of air over the sample is then drawn up through exhaust ducts where it is further 
analysed. The consumption of oxygen by the sample during the test is measured and converted into 
a heat release value, as approximately 13.1 MJ of heat is released per kilogram of oxygen consumed 
during combustion, making it possible to analyse using a set flow rate of 24 l/s of air through the 
duct. The cone calorimeter utilises a load cell to constantly monitor the mass of the sample during 
test duration. 
The parameters measured and reported are: 
Time-to-ignition (TTI, s) and time to flame out (TTFO, s) which are, as the names suggest, the 
time taken for the sample to ignite and the time taken for the sample to stop burning. These shows 
how easily a sample will ignite and, once ignited, how long it will sustain burning. 
Heat release rate (HRR, kW/m2) which also incorporates peak heat release rate (PHRR, 
kW/m2), time-to-peak heat release rate (TPHRR, s) and total heat release (THR, MJ/m
2) are also 
measured. Heat release rate is the amount of thermal energy released by the sample during burning, 
calculated using the relationship to oxygen of 13.1MJ of heat released per kg of oxygen consumed 
given above, per unit area of the sample surface. The formula for this relationship is given in Formula 
3.10 
 HRR =
(13.1 𝑥 MO2)
𝐴
                                                         (Formula 3.10) 
MO2 Mass of oxygen consumed (kg) 
A Surface area the sample (m2) 
HRR Heat release rate (kW/m2) 
 
The peak heat release is the maximum amount of thermal energy released, total heat 
release is the total energy released by the sample during testing. 
Mass loss is the change in sample mass recorded per second over the duration of testing, 
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and the mass loss can be calculated by subtracting the final mass of the sample from the initial mass 
of the sample. The mass remaining at the end of the test is the char residue.   
 
3.8 Characterisation of Char 
 The height of the char formed after cone calorimeter testing was measured and the 
char thickness calculated using Formula 3.11: 
Tchar = T1 – T0                                                                                     (Formula 3.11) 
T0 Thickness of sample before cone test 
T1 Thickness of sample after cone test 
Tchar Thickness of char 
 
The chars were examined using an optical microscope with picture capturing capabilities 
(Celestron Handheld Digital Microscope) to obtain a more detailed look at the surface structure and 
morphology than could be obtained with the naked eye or standard photography. This microscope 
allowed for up to a 200x magnification, although magnification was limited by the resolution of the 
computer screen. 
Surface and internal char morphologies were studied using scanning electron microscopy 
(SEM, Hitachi Technologies Model 3400). The scanning electron microscope is capable of a 
magnification up to 350,000 X providing resolution down to 100 µm. 
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Chapter 4. Flame Retardant Poly(vinyl 
phosphonic acid) Based Coating on 
Different Polymer Substrates 
 
This chapter covers the initial work done in the progression of this thesis, working on 
characterising and optimising a poly(vinyl phosphonic acid) coating through changes to the cross 
linker percentage, as well as studies into the efficiency of the coating when used on a different 
polymeric substrate. 
In preliminary investigative work performed by Luangtriratana et al [80] poly(vinyl 
phosphonic acid) coatings were formulated with 5% initiator (2-methyl-2-propionphenone, Darocur 
1173) and 5% cross linker (triallyl isocyanurate) and applied to glass reinforced epoxy (GRE) laminate 
samples at two different thicknesses, 0.3 mm and 0.5 mm. When tested under the cone calorimeter 
at 35 kW/m2 heat flux with no source of ignition, none of the samples ignited and burnt, but charred 
and intumesced protecting the underlying surface. Cone calorimetric data taken from reference [80] 
are presented in Table 4.1 and Figure 4.1. 
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Table 4.1: Cone calorimeter results for GRE samples without and with a PVPA coating at 35 kW/m
2
 radiant 
heat flux [80]. 
Sample Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI (s) TTFO (s) PHRR 
(kW/m
2
) 
TTPH (s) THR 
(MJ/m
2
) 
GRE - - 110 ± 2 270 ± 4 504 ± 12 141 ± 13 35.7 ± 2.3 
0.3 mm PVPA-
GRE 
0.36 ± 0.02 29 ± 1 
No 
ignition 
- 8 ± 2 259 ± 29 1.2 ± 0.6 
0.5 mm PVPA-
GRE 
0.51 ± 0.03 32 ± 2 
No 
ignition 
- 6 ±1 221 ±66 0.9 ± 0.8 
TTI = time to ignition, TTFO = time to flame out, PHRR = peak heat release rate, TTPH = time to peak heat 
release rate, THR = total heat released 
 
Figure 4.1: a) HRR and b) mass loss versus time curves for GRE with and without a PVPA coating at 35 kW/m
2
 
radiant heat flux [80] 
  
As shown in both Table 4.1 and Figure 4.1, the coating prevented ignition at 35 kW/m2 . The 
PVPA coating protected the GRE by charring and intumescing such that the char layer increased in 
thickness from around 0.3 mm to around 29 mm. The flame retardant and intumescent properties of 
this coating can be attributed to its chemical composition, with the integration of phosphorus and 
nitrogen into the structure; this imparts a flame retardant behaviour to the coating. The 
intumescence comes from the decomposition of the poly(vinyl phosphonic acid) acting as a blowing 
agent for the char catalysed by the phosphoric acid released, this decomposition also produces 
water vapour which further contributes to the flame retardant effect.  
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Figure 4.2: Images of PVPA coated GRE plaques before and after cone exposure  
 
As shown in Figure 4.2 the char formed is significantly expanded from the thickness of the 
coating. However the char formed has an uneven surface and is very fragile with many holes within 
the surface of the char.  
 
Initial durability testing was also carried out on the coating, by investigating the coating 
adhesion and water soak test performance. Coating adhesion was tested using a length of standard 
Sellotape, which was applied to the surface of the coating and peeled off in a swift motion with the 
mass lost in this test being measured. Water soak testing submerged the coating in water at room 
temperature for 24 h after which the sample was dried in an oven for 3 h and the mass lost was 
measured using the mass of the sample prior to and after soak. The results of this testing are shown 
in Table 4.2. 
 
Table 4.2: Durability testing results [80] 
Sample % Coating Mass Loss in Tape Pull test % Mass Loss in Water Soak test 
0.3 mm PVPA-GRE 0.01 69 
0.5 mm PVPA-GRE 0.02 77 
 
As shown in Table 4.2, the coating had good adhesion to the surface in both 0.3 mm and 0.5 
mm thicknesses, however the water soak performance was poor with most of the coating being lost 
from the surface at both thicknesses. 
 
 This work has been the basis of this PhD project. In this chapter this coating was further 
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characterised and optimised. The work involves  looking further into the effect of the percentage of 
cross linker used in the coating formulation, investigating the effect of surface treatment of the 
substrate and the performance of the coating on different substrates as it is well known that the 
underlying substrate can have a significant effect on the success of a flame retardant in its protective 
properties due to substrate properties such as thermal conductivity, heat capacity, thickness and 
chemical composition [103][104] The substrates chosen for this work were glass reinforced epoxy 
composite (GRE) and poly(methyl methacrylate) (PMMA). PMMA was chosen because it is a highly 
flammable thermoplastic polymer and thus much more difficult to protect from fire than a cross-
linked thermoset like epoxy resin.  
4.1. Characterisation of Monomers, Films and Substrate 
ATR-FTIR scans were taken of the vinyl phosphonic acid monomer and the poly(vinyl 
phosphonic acid) plaque independent of any substrate (Figure 4.3). A plaque was used for this study 
in order to eliminate any interference from peaks which may have been visible from the spectrum of 
the underlying substrate, and the plaque was prepared according to the method detailed in Chapter 
3, Section 3.3.5. This was done to characterise the substances and, in the case of the monomer and 
polymer scans, to confirm that the polymerisation reaction had taken place.  
 
 
Figure 4.3: FTIR spectra of VPA Monomer and PVPA Plaque 
  The key difference to note between the FTIR of the VPA monomer and the PVPA film is the 
clear reduction in the height of the C=C peak around 1,500 cm-1 which, alongside broadening of 
C=O 
P-O-H 
P=O 
1500 
C=C 
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further peaks, suggests that polymerisation has indeed occurred in the plaque as the C=C bonds 
have been broken in order to form the PVPA chain. The C=C peak in particular was the most 
important peak for analysis in this scan, as this is where the chain formation of the polymer occurs. 
The key bands in the spectrum for VPA are P-O-H stretches at 910 and 978 cm-1, P=O at 1100 cm-1 
and the alkene C=C stretch around 1640 cm-1. In PVPA there is evidence of an increase in C=C peak 
height at 1456 cm-1, however the other key VPA peaks are still present.  
A further study was done using FTIR scans of both uncoated and PVPA coated GRE. This was 
performed in order to determine whether the surface of the GRE was fully coated with the PVPA, 
which would be visible through the covering of the GRE peaks such as the aromatic C=C at 1600 cm-1 
and 1480 cm-1 and =C-O- around 1250 cm-1. This is shown in Figure 4.4 which displays the covering of 
the C=C and =C-O peaks, as well as the presence of key phosphorus peaks which demonstrate the 
presence of PVPA. 
 
Figure 4.4: FTIR showing both uncoated and PVPA-coated GRE samples 
A possible mechanism for the polymerisation of VPA is given in Figure 4.5. The proposed 
mechanism for the polymerisation is a radical initiated chain polymerisation along the C=C double 
bond. The energy inputted by the UV radiation causes the initatior (Darocur 1173) to break apart 
forming two radical fragments. These radicals then attack the double bond in the VPA monomer 
creating a second radical on the CH group. This is the initiation step (a). After the initiaton the 
reaction then progresses into propogation (b) forming both PVPA chains when the VPA radical 
attacks a second VPA monomer unit, and cross-linked sections when the VPA radical attacks the 
triallyl isocyanurate cross linker. During propogation the chain forms across double bonds. In the 
final termination stage (c) which occurs when two VPA radicals attack each other, either a PVPA 
C=C 
=C-O- 
P-O-H 
P=O 
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linking bond is formed, or the two VPA radicals form two terminating VPA end groups on the end of 
the PVPA chain. 
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Initiation step:  
 
 
 
 
Propagation step: 
 
 
 
 
Termination step: 
 
 
Figure 4.5: Proposed mechanism for the UV initiated polymerisation of VPA[1] 
Darocur 1173  
Vinyl phosphonic acid 
monomer 
(b-1) 
Triallyl isocyanurate 
(b-2) 
(a) 
(c) 
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4.2. Optimisation of PVPA Coating 
The first experiments carried out were to refine the coating formulation with an 
investigation into whether a variation of cross linker (triallyl isocyanurate) percentage from the 
formulation of 5% used in preliminary investigations, would improve the water soak performance of 
the coating. The percentage of cross linker was chosen as an area for study as it was thought that a 
higher percentage of cross linker would produce a greater degree of cross linking and thus more 
stability of the coating. Investigation was also done into the adhesion of the coating to the substrate 
with testing using the tape pull test and fire resistant performance of the coating was tested under 
the cone calorimeter at 35 kW/m2 with no source of ignition. These experiments were all performed 
using glass reinforced epoxy resin laminate (GRE) as the substrate; all samples prepared for this 
investigation are listed in Table 4.3. 
Table 4.3: PVPA coated GRE samples  
Sample % Cross linker Second Layer Coating Thickness (mm) 
GRE-PVPA-5% 5 None 0.36 ± 0.04 
GRE-PVPA-10% 10 None 0.41 ± 0.03 
GRE-PVPA-15% 15 None 0.45 ± 0.04 
GRE-PVPA-TIC 10 Triallyl Isocyanurate 0.48 ± 0.02 
 
Three different percentages of cross linker were chosen for investigation, the initial being 
the 5% cross linker (Sample GRE-PVPA-5%) as used in previous work with 10% and 15% chosen as 
the increased percentages of cross linker. 15% was the highest percentage chosen (Sample GRE-
PVPA-15%) as greater percentages than this would cause the coating to become too brittle and thus 
unsuitable for use. A final sample (GRE-PVPA-TIC) was made using polymerised triallyl isocyanurate 
as a top coating over the PVPA coating to investigate any improvement in the water soak test as it 
was hoped that the external layer of polymerised cross linker might improve the hydrophobicity to 
the coating (more work was later done using the idea of a top coating over the PVPA coating, this is 
discussed in Chapter 6). As shown in Table 4.3, there was a good uniformity between the thicknesses 
of the coatings, with a slight average increase with increasing percentage of cross linker and use of 
top coating.  
 
The coatings were also examined using FTIR spectroscopy to look for changes that an 
increased percentage of cross linker would cause within the chemical structure of the coating. 
Plaques of the PVPA-5%, PVPA-10% and PVPA-15% were synthesised without any substrate for use 
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in these tests in order to study the coatings without any potential for interference from the 
underlying substrate. The results of the FTIR scans are shown in Figure 4.6. 
 
Figure 4.6: FTIR spectra of PVPA plaques with varying cross linker percentage 
 
 The FTIR spectra show some broadening in the lower wavenumber end of the spectra with 
less clearly defined peaks in the region of the P-O-H absorbance at 1000 cm-1 with increased 
percentage of cross linker. The other peaks are also less well defined in the sample when the 
percentage of cross linker is increased. Broadening of IR absorption peaks would be expected for the 
more heavily cross-linked samples owing to a decrease in molecular mobility. There is a C=C peak 
visible in the FTIR spectra, however as the cross linker contains double bonds and, when compared 
to the spectra given in Figure 4.2 which shows a distinct reduction in the C=C peak height, this is 
most likely due to the presence of unconsumed double bonds from the cross linker as opposed to a 
greater percentage of free monomer. 
 
4.2.1. Durability study of the coatings  
The coatings applied on the GRE substrate were subjected to tape pull and water soak tests 
and results of these experiments are listed in Table 4.4. 
 
 
 
 
P-O-H 
P=O 
C=O 
C=C 
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Table 4.4: Tape pull and water soak test results for PVPA coatings on GRE with extra cross linker 
Sample 
Tape pull test, % 
Mass loss 
Water soak 
 % Coating loss 
GRE-PVPA-5% 0.03  88 
GRE-PVPA-10% 0  79 
GRE-PVPA-15% 0.03  97 
GRE-PVPA-TIC 0.25  96 
 
In the tape pull and water soak tests, the 5% cross-linked sample (GRE-PVPA-5%) serves as the 
control, as this was the formulation used in preliminary testing and the one which was to be 
perfected and improved upon. All coatings showed a good adhesion to the substrate in the tape pull 
test, with well under 1% mass lost in all cases. The worst performance in the tape pull test out of all 
the samples was that of the triallyl isocyanurate coated sample, GRE-PVPA-TIC, which lost a greater 
percentage of mass owing to the brittleness of the top layer of the coating. In water soak testing the 
best performance came from the PVPA-10% coating. The improvement in water soak performance 
with a greater percentage of cross linker used is due to a greater degree of crosslinking between the 
polymer chains leading to a more rigid and strongly bonded structure which might be expected to 
inhibit the break up of the polymer in water. However the GRE-PVPA-15% sample showed a 
significant worsening in water soak test performance, possibly due to the high percentage of cross 
linker preventing uniform swelling during the water soak and thus causing further lifting of the 
coating from the substrate. The brittleness of the top coating of triallyl isocyanurate in GRE-PVPA-TIC 
also helps to explain why this showed a greater mass lost during the water soak testing, as the 
coating forms cracks during curing which then allows water to penetrate the surface and attack the 
PVPA coating underneath. 
 
Plaques of the coatings without any substrate were synthesised in aluminium trays. These 
were made in order to further study the coating using water soak testing and other analytical 
techniques. Water soak testing of the coating plaques was undertaken to better distinguish whether 
in earlier tests of the coating on a substrate as described in Sections 4.2.2 and 4.2.3 the coating was 
dissolving in water or merely breaking off the substrate, and if it is dissolving then how much of the 
coating is water soluble. For these tests the plaque of sample was weighed, soaked in water 
overnight, the undissolved portions recovered by filtration, then dried and weighed again. The 
results of this are displayed in Table 4.5. 
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Table 4.5: Water soak tests on coating plaques 
Sample Mass of Coating Pre 
Soak (g) 
Mass of Undissolved 
Residue (g) 
% Coating Undissolved 
PVPA-5% 1.1392 0.9429 82.8 
PVPA-10% 2.4169 2.0266 83.9 
PVPA-15% 2.1260 1.8177 85.5 
 
As shown in the table, none of the plaques retained all of their mass during the water soak 
tests, all of the plaques also broke up during soaking which gives credence to the idea of osmotic 
rupture being the main factor in the destruction of the coating during water soaking. The retention 
of 84% of the PVPA-10% plaque as an undissolved solid following a water soak test, suggests that at 
least 84% of the plaque is cross-linked. An image of the remaining residues from the water soak tests 
(after drying) are shown in Figure 4.7. This suggests that in earlier water soak tests where the 
coating was applied to a substrate, the mass lost from the surface is not due to the coating itself 
dissolving into the water during the soak, but due to the coating breaking into small pieces as seen in 
Figure 4.7 and thus cleaving from the surface of the substrate. The differing sizes of the fragments of 
coating also suggest that the degree of cross linking in each of the samples is different, with the 
larger fragments of the PVPA-15% coating suggesting a greater degree of cross linking. 
 
 
Figure 4.7: Residue from water soak testing of PVPA plaques with differing degrees of cross linker. (a) PVPA-
5%, (b) PVPA-10%, (c) PVPA-15% 
 FTIR scans were also taken of the post-water soak residues in order to characterise and 
analyse the remaining coating.  The results of these scans are shown in Figures 4.8 – 4.10. 
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Figure 4.8: PVPA-5% and post soak residue by FTIR 
 
Figure 4.9: PVPA-10% and post soak residue by FTIR 
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Figure 4.10: PVPA-15% and post soak residue by FTIR 
As shown in the spectra, the pre and post soak samples’ FTIR scans do show the same 
characteristic peaks, though the peaks for the residue scans are broader than those in the solid 
plaques. It is assumed that the most probably cause is the additional water being hydrogen bonded 
to the oxygen and hydroxyl groups on the PVPA chains where they have broken due to the osmotic 
rupture. This saturation causes a broadening of the peaks across the spectrum in all three of the 
samples tested. 
 The residue left behind after the water soak test for the PVPA-10% sample was also studied 
using TGA analysis alongside the unsoaked plaque in order to further investigate the effect of 
soaking on the thermal properties of the PVPA coating. The 10% cross linker containing sample was 
chosen for this study as it had demonstrated the best performance when used as a coating on GRE 
(Table 4.4) in the water soak testing. Testing was carried out under air between 50°C and 900°C at a 
heating rate of 10°C per minute. The results of this testing are shown in Figure 4.11.
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Figure 4.11: TGA curves of pre and post water soaked PVPA-10% sample in air 
 As shown in Figure 4.11 the sample taken from the residue left behind after the water soak 
test, labelled PVPA- 10% residue in the graph, retained more of its  mass than the pre-soak sample 
even at higher temperatures, with a 10% loss only occurring by 338°C compared to 210°C in the pre-
soak sample. This may be because the residue left from after the water soak was the most strongly 
cross-linked parts of the sample, with the cross linking creating much more difficult to break bonds 
which would require a greater thermal input to break and therefore to cause degradation of the 
sample. This would also explain the higher char residue as the water soluble parts of the coating 
which would leave with the water earlier in the degradation process are no longer there. 
4.2.2. Thermal stability and flammability/thermal barrier performance 
study 
All PVPA plaques were subjected to thermogravimetric analysis on a TGA-DTA equipment 
between 50°C and 900°C at a 10°C per minute heating rate in air to give a more in depth picture of 
their thermal decomposition behaviour. The results from these tests are shown in Table 4.6 and 
Figure 4.12 
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Table 4.6: TGA results for PVPA plaques under air, with a heating rate of 10°C per minute from 50°C to 900°C 
Sample 
Decomposition 
Stage 
Temp 
Range 
(°C) 
Mass Loss 
(%) 
Residue at 
750°C  (%) 
DTG 
Peak 
(°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA-5% 
Stage 1 RT - 366 16.1  
 
14.7  
- - - 
Stage 2 366 - 421 3.9 425 366 394 
Stage 3 421 - 750 65.3 - 421 530 
PVPA-
10% 
Stage 1 RT - 340 16.3  
 
5.2  
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
15% 
Stage 1 RT - 357 17.7  
 
0  
- - - 
Stage 2 357 - 434 8.5 432 357 392 
Stage 3 434 73.8       
 
Figure 4.12: TGA curves for PVPA plaques under air, with a heating rate of 10°C per minute from 50°C to 900°C 
 
Table 4.6 shows that in all three samples there are three stages of mass loss.  In the first 
decomposition stage there was16 -17 % mass loss. During the second degradation stage PVPA-10% 
and PVPA-15% lost 8.5 – 9.1% mass loss, whereas it was less in PVPA-5% (3.9% less). Both the PVPA-
10% and PVPA-15% with similar percentage mass loss in this stage had a very similar char height in 
cone experiments discussed later in this section, however despite losing much less mass the PVPA-
5% had the greatest char height. In the final oxidative stage of degradation the results show that the 
greater the percentage of cross linker in the sample, the greater the mass lost in the final 
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degradation stage, and the lower the percentage mass residue at 750 oC.  This means that with 
increasing percentage of the cross linker, either the cross linking in PVPA is not increased and the 
non cross-linked structures undergo oxidation, or that the cross linker units are less thermally stable 
than the PVPA sequences  
In order to look more in depth at the degradation process and to correlate the stages shown 
in the TGA with the step where intumescence of the PVPA coating occurs, a simple experiment was 
set up using a hot plate heated at the same rate as the TGA (10°C per minute) and a thermocouple 
resting on the surface of the PVPA to more accurately measure the temperature. A schematic of this 
set up is given in Figure 4.13. 
 
Figure 4.13: Schematic of hot plate heating set up 
 A small sample of a PVPA plaque was heated on this apparatus to 450°C and photos and 
temperature measurements were taken throughout the course of the experiment. A breakdown of 
the key stages in this process is given in Table 4.7. While the temperatures are slightly lower in this 
experiment than in the corresponding stages seen in the TGA due to the less enclosed nature of this 
experiment, there is some agreement between results from two experiments.  Hence, in the TGA 
experiments, halfway through stage 1 and stage 2, where most of the water is released, is the 
temperature region responsible for the intumescence. The third stage from ~420-700oC is where 
oxidation of char occurs. A small amount of char was formed on the lower face of the sample, 
however this is much less than the char seen with cone calorimeter samples; this may be due to the 
slower heating rate allowing the slow escape of volatiles. 
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Table 4.7: Degradation stages of PVPA plaque when heated on hotplate 
Temperature (°C) Description Image 
RT - 200 No change 
 
200 Bubbling 
 
230 Significant darkening 
 
310/320 Charring 
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Samples were also subjected to cone calorimeter testing at 35 kW/m2 with no ignition 
source to evaluate their fire resistance behaviour. No ignition source was used owing to the 
intumescence of the coating, as the coating intumesces prior to ignition,it can interfere with the 
spark ignition source. Cone calorimeter testing is used to give some idea of how the coating will 
behave in a fire situation, and gives data on the time taken for the sample to ignite as well as how 
long the sample will burn for,what the peak release of heat from the sample is and the time taken to 
reach this point. These data give an idea of the thermal barrier efficiency of the coating. The results 
for these samples are presented in Table 4.8 and Figure 4.14 
 
Table 4.8: Cone calorimeter test results for PVPA coatings applied to 75 x 75 mm samples of GRE substrate 
incorporating various amounts of cross linker, 35 kW/m
2
, with no ignition  
Sample Coating 
Thickness 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m2) 
TTPHR 
(s) 
Char 
Height 
(mm) 
GRE - 96 ± 1 210 ± 2 692 ± 4 123 ± 8 - 
PVPA-5% 0.36 ± 0.04 130 ± 5 403 ± 47 375 ± 17 193 ± 13 34.5 ± 4.5 
PVPA-10% 0.41 ± 0.03 175 ± 8 530 ± 3 233 ± 21 210 ± 4 25 ± 1 
PVPA-15% 0.45 ± 0.04 132 ± 5 435 ± 0 340 ± 18 170 ± 15 24 ± 1 
 
a)
 
b) 
 
Figure 4.14: a) HRR and b) mass loss versus time curves for uncoated and PVPA coated GRE samples with 
various cross linker percentages 
The control sample ignited after 96 s with a peak heat release rate of 692 ± 4 kW/m2, 
compared to this all of the coated samples showed a delayed time-to-ignition and a reduced peak 
heat release rate. Similar results were also seen with the mass loss; the control sample lost mass 
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rapidly taking less than 100 s from time of ignition to lose all of the resin mass (see Figure 4.13 a)) 
and left only the glass matting behind, while the mass loss was less rapid in the coated samples, with 
some leaving behind a higher mass than the control owing to the barrier effect of the intumesced  
coating. Between the samples which had varying levels of cross linker, the PVPA-10% sample showed 
the longest time-to-ignition and lowest peak heat release rate at 175 ± 8 s and 233 ± 21 kW/m2 
respectively compared to 130 ± 5 s and 375 ± 17 kW/m2 for the PVPA-5% and 132 ± 5 s and 340 ± 18 
kW/m2 for the PVPA-15%. The PVPA-10% sample also displayed a longer time to peak heat release, 
210 ± 4 s compared to 192 ± 13 s and 170 ± 15 s for PVPA-5% and PVPA-15% respectively. Changes in 
mass loss rate are also apparent between these three samples, with the PVPA-10% sample showing 
the slowest mass loss rate and also the greatest percentage of mass remaining after the test. In 
comparison to these samples the PVPA-TIC actually has a lower PHRR at 165 ± 23 kW/m2 and longer 
time-to-ignition and time- to- peak heat release of 220 ± 11 s and 253 ± 8 s respectively, as well as a  
lower rate of mass loss and greater percentage of mass remaining after flame out. This suggests that 
10% cross linker makes for the most effective percentage, providing a good degree of cross linking to 
create a well networked coating without having so great a degree of cross linking between chains 
that it prevents effective formation and expansion of char. 
Both the PVPA-10% and PVPA-TIC (PVPA with a triallyl isocyanurate top coating) showed an 
improvement during the cone calorimeter testing, reducing the peak heat release and increasing the 
time-to-ignition, which suggests improved flame retardance from the original PVPA-5% formulation 
as the coating lasts a longer time under substantial radiant heat before igniting and burns with a 
smaller heat output than the original coating or the GRE. However the decline in performance of the 
PVPA-TIC in durability test and the fragility of the triallyl isocyanurate coating made it a less 
promising option for further investigation, so the coating formulation chosen to be taken forwards 
from this point was the PVPA-10%. 
 
4.3. Flame retardant performance of PVPA Coatings on a PMMA Substrate 
 
As a PVPA coating has been successfully proven to be an efficient flame retardant for glass 
reinforced epoxy composites, albeit with poor water-resistance, the decision was made to study 
whether the flame retardant properties could be transferred to other substrates with a greater 
inherent flammability. PMMA was chosen as a substrate; PMMA is a highly flammable thermoplastic 
material and can be very difficult to adequately fire protect. PVPA-10% coating was used for these 
studies, since this coating formulation has been shown to be particularly effective for the GRE 
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substrate (see Section 4.2.2) with better water soak and flame retardant performance than the 
PVPA-5% coating used in previous studies at Bolton [80] This work also initially used two different 
types of PMMA; a standard commercial variety containing small quantities of unspecified additives, 
and one specially manufactured without any additives. The additive free PMMA (PMMA-AF) was 
requested in order to study the effect of the normally used additives on the adhesion of the coating 
and behaviour of the PMMA in fire situations.  
 
In order to provide an easy comparison between the two types of PMMA obtained for use in 
this study, FTIR scans were performed on both samples. This was also done in order to identify 
whether or not any of the additives in the standard PMMA were present in quantities large enough 
to create an obvious distinction between the two substrates and thus affect the performance of the 
substrate and possibly cause any interference with the coating bonding to the surface or to its flame 
retardancy. 
 
Figure 4.15: FTIR spectra of PMMA and PMMA-AF substrates (curves are completely superimposed) 
As shown in Figure 4.15 the additives could only have been included in the PMMA in very 
small quantities, since there is no obvious difference between the two FTIR spectra, confirming the 
information provided by Lucite UK – and also confirming that there was unlikely to be any effect on 
the coating arising from additives in the substrate. 
C=O 
Stretch 
CH2 & CH3 
bend 
CCO 
Stretch 
COC 
Stretch 
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Figure 4.16: FTIR spectra of coated and uncoated PMMA 
 Figure 4.16 shows that when the PVPA coating is applied to the PMMA substrate the peaks 
from the PMMA such as the C=O peak around 1700 cm-1 and C-O around 1100 cm-1 are all covered 
with PVPA peaks (details have already been provided in previous sections), this demonstrates that 
the surface of the PMMA is completely covered with PVPA. 
 
The PVPA-10% coating previously optimised in Section 4.2 of this chapter was applied to the 
surface of thin 25 x 75 mm strips of both the additive-containing and additive-free PMMA (PMMA-
AF). This was done in order to study the adhesion between the surface of the substrate and the 
coating using the tape pull test, and also the performance of the coating in water when applied to 
the substrate. The results for both of these tests are given in Table 4.9. 
 
Table 4.9: Tape pull and water soak test results of PVPA coating applied to PMMA samples 
Sample 
Tape pull test  
% Mass loss 
Water Soak 
% Coating loss 
PVPA-PMMA-AF 0.003  92  
PVPA-PMMA 0.04  89  
 
As shown in Table 4.8, the change of substrate did not produce any significant effect on the 
tape pull or water soak test results, with the coating still demonstrating good adhesion to the 
surface but poor resistance to water. Compared to the results for a PVPA-10% coating on GRE as 
seen in Table 4.4 of 79% there is a slight decline in water soak performance, probably due to the 
more hydrophobic character of the PMMA substrate and the lack of the -OH groups which may be 
C=O 
C-O 
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present in GRE and which may aid bonding between the coating and the substrate. However this did 
not have a significant detrimental effect on the coating adhesion as seen in the tape pull test. 
 
The effect of the coatings on the flammability of the substrate was then tested using a cone 
calorimeter at 35kW/m2 with no ignition source, applied to 75 x 75 mm samples of PMMA in the 
same process as used previously with glass reinforced epoxy resins. Both types of PMMA were 
tested in duplicate both without a coating and with the PVPA-10% coating applied to the surface. 
The results of these tests are displayed in Table 4.10 and Figure 4.16. 
 
Table 4.10: Cone calorimeter results of PVPA coated PMMA samples at 35 kW/m
2
 with no source of ignition 
Sample Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI (s) TTFO (s) PHRR 
(kW/m2) 
TTPH (s) THR 
(MJ/m2) 
PMMA - - 118 ± 21 224 ± 24 924 ± 21 153 ±10 65.8 ± 7.5 
PMMA-
AF 
- - 126 ± 11 229 ± 10 1014 ± 43 155 ± 8 73.8 ± 5 
 
0.39* 
0.45 
31 ± 2 
96 
No 
ignition 
590 
- 
293 
- 
175 
- 
88.7 
0.2 
 
0.42 ± 0.09 32 ± 6 
No 
ignition 
- - - 0.6 ± 0.2 
 
a)
 
b)
 
Figure 4.17: a) HRR vs time and b) mass loss vs time curves for PVPA coated PMMA samples  
Starred sample denotes the PMMA-PVPA sample which ignited 
The two uncoated PMMA samples displayed very similar behaviour during testing, with the 
PVPA-
PMMA 
PVPA-
PMMA
-AF 
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standard commercial PMMA giving slightly better results than that of its additive free counterpart; 
time to ignition of 118 ± 21 s and peak heat release rate of 924 ± 21 kW/m2 compared to 126 ± 11 s 
and 1014 ± 43 kW/m2 respectively for the additive free sample.  In both samples all of the mass of 
the sample burned away by the end of testing. The heat from the cone calorimeter caused the 
PMMA to degrade into a mixture of methyl methacrylate monomer, which is extremely flammable, 
and short polymer chains. This decomposition can also produce some highly reactive radical species 
which may then go on to produce further reactions within both the polymer and the surrounding 
atmosphere.   
 
Whilst most surface coated samples did not ignite, those that did show a sharp initial 
increase in heat release rate as volatiles were released, owing to uneven coating deposition caused 
by problems of surface wetting owing to the lack of reactive surface molecules compared to some 
free -OH  groups available in the previously used GRE substrate. The flattening of the HRR curve is 
due to formation of an intumescent surface char preventing the rapid loss of further volatiles from 
the substrate and thus reducing heat release rate and total heat release. The PVPA coating slows the 
rate of mass lost even in the PVPA coated PMMA sample, which did ignite owing to the protective 
thermal barrier provided by the char; in the non-igniting samples the mass loss was less with an even 
slower rate. The mass loss in the non-igniting samples is due to the high temperature the PMMA is 
exposed to under the cone calorimeter causing the substrate to depolymerise / decompose. 
 
Overall this study shows the effectiveness of PVPA as a flame retardant coating owing to its 
ability to protect even a highly flammable thermoplastic substrate such as PMMA. 
4.4. Surface etching of substrate to improve water soak performance of the 
coating  
This work was done to see whether surface etching of the substrate would improve the 
adhesion of the coating to the surface of the substrate and thus its performance in the water soak 
test. The methods of surface treatment chosen were: a) activation of the surface of the substrate 
using an atmospheric pressure argon plasma, b) mechanical etching of the surface using fine grain 
sandpaper and c) chemical etching of the surface using concentrated nitric acid, applied to the 
surface of the substrate for 5 seconds before neutralisation with an excess of water. Water soak test 
results for the GRE samples are given in Table 4.11. 
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Table 4.11: Water soak test results for PVPA coated GRE samples  
Sample % Coating 
Lost 
No treatment 86 
Plasma treated 71 
Sandpaper 
treated 
65 
Acid treated 73 
Physical etching using sandpaper gave the best results with respect to the water soak test 
when compared with previous samples; however there was still a majority of the coating lost (65% 
coating loss). The improvement may be down to improved surface wetting of the GRE as the etching 
creates a rougher surface for the coating to adhere to. While there was a slight improvement when 
plasma treatment was used, this was not as effective as had been hoped. It was hoped that the 
plasma treatment would activate functional groups on the surface of the GRE, particularly OH groups 
(forming –O• perhaps), and thus allow stronger bond formation between the PVPA coating and the 
substrate in the hopes that this would help prevent fragmentation of the PVPA away from the 
surface of the GRE. However, in a fully cured GRE there may not be many  -OH groups left, hence the 
absence of any significant improvement seen here.   
Experiments were also done to investigate whether surface modification of the PMMA 
substrate gave any improvement in the durability testing of the coating similar to those done on 
GRE. These experiments were also done as a way to improve the surface wetting of the PMMA and 
to make application of the coating easier. The methods of surface etching chosen were; atmospheric 
plasma discharge (PVPA-PMMA-P) and sandpaper etching (PVPA-PMMA-S). The results of these 
experiments are shown in Table 4.12. 
Table 4.12: Durability testing on PMMA with surface modification 
Sample Tape pull test, % Mass loss 
Water Soak PMMA 
% Coating loss 
PVPA-PMMA 0.04  89  
PVPA-PMMA-P 0.03  88  
PVPA-PMMA-S 0.02 89 
 
The results given in Table 4.11 show very little difference between the tape pull and water 
soak tests for PVPA coated PMMA after surface etching. This may be due to the lack of functional 
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groups on the surface of the PMMA which would be able to form stronger links with the PVPA 
coating, even with roughening of the surface. There is some improvement in the percentage mass 
loss during the tape pull test, suggesting a slightly better adhesion, however this difference is very 
small.  
 
4.5. Conclusions 
Overall PVPA has been proven to be an excellent flame retardant when applied as a coating 
to both glass reinforced epoxy resins and the more flammable thermoplastic, PMMA, with a 
significant delays in time- to- ignition and reductions in peak heat release rate compared with those 
of the uncoated substrates. On both substrates the coatings displayed excellent adhesion to the 
surface, with minimal percentage of the coating lost during a tape pull test. However there was 
significant loss of the coating during water soak testing, with the majority of the coating becoming 
detached from the substrate in tests on both glass reinforced epoxy and PMMA. This was tested 
further using a sample of the coating not attached to the substrate where it was found that the loss 
during the water soak from the dissolution of the coating in water was minimal, however the coating 
suffered from osmotic rupture which caused it to fragment and detach from the surface of the 
substrate. Multiple surface etching tests were carried out to assess whether this would improve the 
water soak performance with little positive result, though it was found that mechanical etching of 
the surface using fine grain sandpaper did improve the water soak test performance slightly. 
The percentage of cross linker in the coatings was altered to test the effect of this on the 
coating performance and it was found that a 10% cross linker concentration was the most effective, 
showing some improvements in both the durability and flame retardance testing under the cone 
calorimeter at 35 kW/m2. As such this is the concentration of cross linker which was used in coatings 
moving forwards from this point, with the focus of further investigation being into methods of 
coating modification which may impart some hydrophobicity to the PVPA coating and thus improve 
the water soak test performance. 
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Chapter 5. Modification of Phosphorus 
Based Flame Retardant Coatings  
 
This chapter investigates the effects of various additives on the performance of the PVPA 
coating, both as a flame retardant and in its durability. Once polymerised, vinyl phosphonic acid has 
been proven as an effective flame retardant for PMMA as a substrate; further modifications of the 
coating composition using the addition of new monomers or additives in order to improve the water 
soak performance were then investigated which is the work covered in this chapter. The coatings 
were applied using the same method as used with the unmodified samples and plaques described in 
Chapter 3, Sections 3.3.2 and 3.3.5. Modifications for the coatings were chosen based on their ability 
to impart possible hydrophobic character with as little impact on the flame retardance as possible. 
The co-monomers chosen to polymerise with the PVPA coating were dimethylvinylphosphonate 
(DMVP) chosen due to the inclusion of two hydrophobic methyl groups; dibromostyrene (DBS) , 
chosen owing to the hydrophobic styrene groups and already proven flame retardant properties 
given its common use in commercial flame retardants; acrylonitrile, which was chosen owing to the 
ability of acrylic monomers to copolymerise with vinyl phosphonic acid [105][106][107] and its the 
char producing abilities, and polydimethylsiloxane (PDMS) which is a hydrophobic silicone elastomer 
and as such was hoped to impart some hydrophobicity to the coating. The additives which were 
chosen for inclusion into the PVPA coating were magnesium oxide chosen owing to its inclusion with 
VPA in some dental cements [90] which are, by nature of their application, insoluble; zinc chloride, 
calcium silicate and chitosan. Zinc chloride was chosen with the hope of forming zinc phosphate, as 
the majority of phosphates are insoluble in water (sodium, potassium and ammonium phosphates 
being notable exceptions). The formation of these insoluble compounds was hoped to lend some 
hydrophobicity to the PVPA coating. Calcium silicate was also chosen in part for this reason, and also 
due to the possibility of imparting further hydrophobicity due to the addition of silica into the PVPA 
coating. 
5.1 Experimental 
 The substrates used in these experiments are the standard PMMA supplied by Lucite UK and 
75 
 
the GRE prepared in the laboratory as described in Chapter 3, Section 3.1.1. The application of the 
coating on PMMA or GRE and curing techniques used were also the same as those described in 
Chapter 3, Section 3.3.2 and for the synthesis of plaques of the coating the method described in 
Chapter 3, Section 3.3.5 were followed, however with the addition of other components into the 
standard vinyl phosphonic acid coating the synthesis of the coating is slightly modified. 
5.1.1. Vinyl phosphonic acid and dimethylvinylphosphonate co monomer coating 
 Coatings on GRE and plaques of the coating materials were synthesised using vinyl 
phosphonic acid and DMVP (BASF) as co-monomers in varying proportions, with triallyl isocyanurate 
cross linker as a 10% by weight addition and 2-hydroxy-2-methylpropiophenone as a photoinitiator 
also at a 10% by weight addition. The proportions of the components in the coatings prior to 
addition of cross linker and initiator are given in Table 5.1. Initiator and cross linker were both added 
as 10% by weight in all samples. 
Table 5.1: Proportions by weight of VPA and DMVP in coatings 
Sample VPA (%) DMVP (%) 
DMVP-0 : 100 100 0 
DMVP-25 : 75 75 25 
DMVP-50 : 50 50 50 
DMVP-75 : 25 25 75 
DMVP-100 : 0 0 100 
 
Curing was under the UV bulb apparatus as described in Chapter 3, Section 3.3.2, however 
curing time was extended owing to the dimethylvinylphosphonate requiring an increased cure time 
due to the steric interference from the larger methyl side groups. There was also a thermal post cure 
in an oven at 80°C for three hours to ensure a full depth of cure within the sample to attempt to 
overcome the steric hindrance from the methyl groups. 
5.1.2. Dual layer dimethylvinylphosphonate and vinyl phosphonic acid co 
monomer coatings 
 Coatings on GRE and their plaques were synthesised using the 0:100, 50:50 and 100:0 ratios 
of VPA to DMVP given in Section 5.1.1. These ratios were chosen as the 50:50 DMVP : VPA gave the 
best performance whilst also maintaining the ease of application and consistent coating as seen with 
the VPA only coatings. 100:0 DMVP : VPA was used as a top layer to investigate whether this offered 
any further protection to the underlying coating, and the 0:100 ratio acted as a control coating as 
this was the formula of the VPA coating used in previous tests. The coatings were applied in two 
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layers to produce a dual layer coating with the aim of the top layer giving a greater extent of 
protection from water and the lower layer being mostly for flame retardance, with the first layer 
being cured using the UV cure set up described in Chapter 3, Section 3.3.2 before a second layer was 
applied and again cured using UV curing. Both layers had the longer cure time as described in 
Section 5.1.1. The combinations of coating layers used are given in Table 5.2. 
Table 5.2: Dual layer DMVP coating composition in ratios by weight 
Coating Bottom Layer 
(DMVP:VPA) 
Top Layer 
(DMVP:VPA) 
DMVP-0:100 0:100 - 
DMVP-50:50B-50:50T 50:50 50:50 
DMVP-50:50B-100:0T 50:50 100:0 
DMVP-0:100B-100:0T 0:100 100:0 
Where 0:100, 50:50 and 100:0 refer to the formulations given in Table 5.1, the B part of the name 
refers to the bottom layer and the T part of the name refers to the top layer. 
 
These coatings also required the more lengthy curing process with a thermal post cure as 
described in Section 5.1.1.  
5.1.3. Vinyl phosphonic acid and dibromostyrene co monomer coatings 
 Dibromostyrene (Chemtura Corp.) was included in the coating applied to PMMA both with 
and without a cross linker present. Dibromostyrene (DBS) had poor miscibility with vinyl phosphonic 
acid on first testing, so DMVP was used in its place. The DBS was added as a 50:50 mixture with the 
DMVP for initial testing as higher concentrations of DBS had too low a viscosity to form a suitable 
coating. The compositions of the coatings are detailed in Table 5.3, with the DBS and DMVP listed as 
proportions in the mixture prior to the addition of any cross linker or initiator. 
Table 5.3: DMVP and DBS coating formulation ratios by weight 
Coating DMVP DBS Cross linker 
DBS 0 100 Yes 
DBS-50:50 50 50 Yes 
DBS-NX 0 100 No 
DBS-50:50-NX 50 50 No 
 
 The coatings were applied to PMMA, and again both a UV cure and a thermal post cure was 
required for these coatings owing to the inclusion of DMVP.  
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5.1.4. Vinyl phosphonic acid and acrylonitrile co monomer coatings 
 Acrylonitrile (AN) was included in the VPA coating formulation in an 80:20 VPA:AN ratio by 
mass. The weighing and mixing of the coating was carried out in a fume cupboard and the 
acrylonitrile was added to the coating prior to the addition of any cross linker or initiator. The 
coatings were then applied on PMMA or poured into a mould and cured under the UV curing rig 
described in Chapter 3 with an additional gas line from the curing chamber to the extraction in case 
of any harmful fumes generated during polymerisation for the 6 hours curing time. 
5.1.5 Polydimethylsiloxane and VPA co monomer coatings 
 These coatings were made with a majority inclusion of polydimethylsiloxane (PDMS, Sylgard 
184. Dow Corning), using only a small percentage of VPA as a co-monomer. The PDMS came in a two 
part formulation; a silicone elastomer and a silicone elastomer curing agent, with the curing agent 
being added as 10% by weight of elastomer. Once this two part mixture had been thoroughly mixed 
by hand into a cohesive formula the VPA was then added as a percentage by weight and the mixture 
stirred by hand until cohesive. The coating, either applied to a PMMA substrate or poured into an 
aluminium mould for formation of a plaque, was heated in the oven at 130°C for 15 minutes to cure. 
5.1.6. Vinyl phosphonic acid coatings with magnesium oxide additive  
 Finely powdered magnesium oxide was added to the VPA coating as 10%, 5% and 1% 
additions by weight during the mixing stage. Low concentrations were chosen so as to maintain the 
viscosity of the solution as coating appropriate, with higher concentrations resulting in a paste-like 
and difficult to apply mixture. The coatings both applied on PMMA substrate and poured into a 
mould were cured using the UV curing method, with a thermal post cure of three hours in an oven at 
80°C to ensure full depth of cure and hopefully to promote formation of a metal phosphate network. 
5.1.7. Vinyl phosphonic acid coatings with zinc chloride additive 
 Solid zinc chloride powder was added to the coating during the mixing stage in 1% and 5% by 
weight concentrations. The low concentrations were used owing to the tendency of the zinc chloride 
to turn the coating into a paste, and as such prevent even spreading of the coating onto the PMMA 
surface. 1% and 5% additions were also chosen due these concentrations of magnesium oxide 
having already proven to improve the water soak and flame retardant performance of the PVPA 
coating without causing hindrance to the coating application. 
5.1.8. Vinyl phosphonic acid coating with calcium silicate additive 
 Calcium silicate was synthesised using sodium silicate and calcium chloride mixed together 
in a 1:1 ratio by weight, both separately from and in situ with VPA using different orders of addition, 
the full formulations of which are described in Table 5.4. Once the sodium silicate, calcium chloride 
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and VPA were mixed together either in steps or in one batch (see Table 5.4) the mixture was either 
applied to PMMA or poured into a mould and cured in an oven at 130°C in a standard atmosphere 
for two hours. 
Table 5.4: The steps used for addition of components for calcium silicate coatings 
Name Composition 
PVPA-CaSi-1 Step 1: VPA + CaCl2  
Step 2: Na2SiO3  
PVPA-CaSi-2 Step 1: VPA +  Na2SiO3  
Step 2: CaCl2 
PVPA-CaSi-3 Step 1: CaCl2 + Na2SiO3  
Step 2: VPA 
PVPA-CaSi-4 VPA + Ca2SiO4 (solid, 5% by weight) 
 
 In PVPA-CaSi 1 through 3 the components were added in a 1:1:1 by weight ratio (for 
example a 3g mixture would use 1g calcium chloride, 1g sodium silicate and 1g PVPA) with stirring 
until a homogeneous mixture had been obtained. 
Solid calcium silicate, synthesised separately from the VPA coating mixture using a 1:1 ratio 
of calcium chloride and sodium silicate cured in an oven at 130°C as described above, was added to 
the VPA coating formulation as a 5% addition by weight. The coating, either applied to a PMMA 
substrate or poured into a mould was cured using UV curing, followed by a 130°C thermal post cure 
for two hours in order to hopefully promote the formation of a ceramic layer. 
5.1.9. Vinyl phosphonic acid coating with chitosan additive 
 Chitosan was added to the vinyl phosphonic acid coating in two ways. Firstly it was added to 
VPA monomer as an additive during the mixing stage, similar to those discussed above using the 
procedure described in Chapter 3, Section 3.3.2 as a 10% and 20% addition by weight. In the second 
method it was used as part of a sol-gel mixture with synthesised PVPA using the technique described 
in further detail below. Chitosan was chosen as an additive for use with a view to improving 
hydrophobicity due to chitosan’s insolubility in non-acidic mediums. As chitosan also contains 
nitrogen it was hoped that this would aid in retaining the flame retardant effect of the coating, 
despite the addition of a greater number of carbon groups and thus a greater fire load.  Solid 
chitosan was added into the PVPA coating formula prior to the addition of cross linker and initiator 
and the final mixture, either applied to PMMA substrate or poured into a mould to form a plaque, 
was cured using the UV curing rig, followed by 3 hours in an oven at 80°C. 
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PVPA Synthesis 
For use in this stage of the process PVPA was synthesised in the laboratory. The process 
used was based on a pre-existing synthetic method [108] with some minor modifications to enable 
the use of chemicals already present in the laboratory and involved additions of initiator over a 
prolonged period of time. The setup used for this process is pictured in Figure 5.1 
 
Figure 5.1: Experimental set up for PVPA synthesis  
   
The VPA monomer was dissolved in a small quantity of water and small additions of the 
initiator 2,2’-azo-bis-isobutyrylnitrile (AIBN) were added every three hours over the course of a 12 
hour period. The reaction mixture was also heated to 80°C and the reaction carried out under 
nitrogen. The additions of initiator are given in Table 5.5, 
Table 5.5: PVPA Synthesis process  
Time (h) Addition 
0 
50 g of VPA monomer 
62,5 mg of AIBN 
12,5 mL of water 
3 
20,6 mg of AIBN 
4,2 mL of distilled water 
6 
20,9 mg of AIBN 
4,2 mL of distilled water 
9 
20,9 mg of AIBN 
4,2 mL of distilled water 
12 End of the reaction 
 
 
Nitrogen 
Thermometer  
Water bath  
Schlenk flask 
Gas evacuation   
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Sol-Gel Type One Pot Process 
 This process was adapted from that which was described in a paper by Grunlan et al [102] 
and was used for chitosan containing coatings. 2 wt % poly vinyl phosphonic acid (0.3g pre-
synthesised poly vinyl phosphonic acid, 15mL distilled water) and 1 wt % chitosan solutions (0.15g 
chitosan, 14.25mL distilled water, 0.75mL acetic acid) were prepared with 30 minutes of stirring. The 
chitosan solution was slowly added to the PVPA solution and the resulting gel was then removed and 
dried in an oven at 80°C under vacuum for 10 minutes. The gel was also applied to PMMA in thin 
layers using a brush and cured in the same way. 
 
5.2. Results of Inclusion of Co-Monomers in PVPA Coatings 
5.2.1. Inclusion of dimethylvinylphosphonate in PVPA coatings 
Investigations were conducted into the replacement of a certain percentage of the VPA in 
the coating formulation with dimethylvinylphosphonate (DMVP) in order to improve the water soak 
performance, as the additional methyl groups of DMVP should impart additional hydrophobicity by 
reducing the polarity of the coating. DMVP was included as a co-monomer, in an attempt to 
polymerise with VPA as a co-monomer, forming a part of a poly-vinyl-phosphonic acid ester chain. 
A proposed mechanism for this reaction, as a simple co-polymerisation reaction, is given in 
Figure 5.2: 
 
Figure 5.2: Proposed mechanism for the co-polymerisation of PVPA and DMVP 
As shown in Figure 5.2, this is a basic chain co-polymerisation reaction, with the polymer 
bonds being formed across the double bonds in both DMVP and VPA due to the use of a radical 
initiator. However, it is uncertain as to how the polymer structure is made up, whether the polymer 
forms as a block, random or alternate copolymer. 
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The percentages of DMVP in the coating used were 25%, 50% and 75% by weight to give a 
reasonable spectrum of results. Polymerisation and crosslinking of 100% DMVP was also attempted 
but owing to the low viscosity of the monomer, it was unsuitable for use with our application 
method and tended to run off the sides of the substrate. These experiments were carried out using 
GRE as a substrate. It was found that these coatings took longer to cure than those with only VPA, 
with most coatings still being tacky even after over 8 hr curing under UV light. This may be due to a 
lower rate of propagation of DMVP-ended radicals compared with those from VPA reducing the 
overall rate of polymerisation.  
Plaques of the coatings free from any substrate were characterised using FTIR and TGA 
analysis to investigate their chemical composition and thermal degradation. Plaques were chosen for 
this investigation in order to eliminate the inclusion of any data from the substrate. The FTIR spectra 
of the plaques are shown in Figure 5.3: 
 
Figure 5.3: FTIR spectra of plaques of DMVP containing coatings free from any substrate 
 As shown above there is good agreement between the FTIR scans for the coatings owing to 
all coatings containing the same chemicals, however peak heights are different due to the difference 
in ratios of the two monomers. 
Thermogravimetric analysis was also carried out on plaques of the coating materials 
separate from any substrate in order to study their thermal degradation behaviour; the graphs of 
these analyses are shown in Figure 5.4 with results given in Table 5.6 
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Table 5.6: TGA Results of DMVP containing plaques under air, with a heating rate of 10°C per minute from RT 
to 900°C 
Sampl
e 
Decompositio
n Stage 
Temp 
Range (°C) 
Mass 
Loss 
(%) 
Residue 
At 750°C 
 (%) 
DTG 
Peak 
(°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) 
Max (°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
DMVP-
VPA 
25:75 
Stage 1 RT - 200 8.5 
3.5 
- - - 
Stage 2 200 - 337 9.1 - 200 220 
Stage 3 337 - 432 6.2 - 337 384 
Stage 4 432 - 722 72.7 435 432 538 
DMVP-
VPA 
50:50 
Stage 1 RT - 188 7.2 
5.6 
- - - 
Stage 2 188 - 335 10.4 - 188 200 
Stage 3 335 - 417 7.1 400 335 377 
Stage 4 417 - 753 69.7 - 417 537 
DMVP-
VPA 
75:25 
Stage 1 RT - 188 7.3 
13.9  
- - - 
Stage 2 188 - 328 12.6 - 188 199 
Stage 3 328 - 422 11.3 - 328 378 
Stage 4 422 - 730 54.9 424 421 564 
 
 
Figure 5.4: TGA Curves for DMVP/VPA plaques under air, with a heating rate of 10°C per minute from 50°C to 
900°C 
As shown in Figure 5.3 and Table 5.5 the inclusion of DMVP in the coating gives a four stage 
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decomposition, compared to a three stage decomposition as seen in PVPA. Early mass loss, between 
room temperature and around 340°C, shown as two stages in these samples increases slightly as the 
DMVP content increases. Mass lost between around 340°C and 430°C, however decreases, though 
the effect is marginal. As was discussed in Chapter 4, in PVPA coating the mass loss up to ~340°C 
represents breaking of OH and other bonds during decomposition reactions, whereas sharp weight 
loss (9.1%) between 344 - 420°C may relate to release of water vapour resulting in intumescence. In 
DMVP-VPA coatings increase in mass loss up to ~340°C and decrease in 344 - 420° C, suggests 
reduction in intumescence and hence, reduced char height. It also shows that a higher ratio of DMVP 
compared to VPA in the coating mixture gives rise to a greater residue left at the end of the test, 
with a smaller mass loss in the final stage of decomposition as the proportion of DMVP in the coating 
increases as well. This final stage is where oxidation of the intumescent char occurs, and the 
decreasing mass loss suggests that the degree of oxidation is decreasing.   
The results of tape pull and water soak tests on samples of the coating on a GRE substrate 
are given in Table 5.7. 
Table 5.7: Tape pull and water soak test results for DMVP containing coatings on GRE 
Sample 
(DMVP:VPA) 
Tape pull test, % 
Mass loss 
Water Soak GRE 
 % Coating loss 
GRE-PVPA 0.030  88 
GRE-DMVP-VPA 25:75 0.040  84 
GRE-DMVP-VPA 50 : 50 0.008  84 
GRE-DMVP-VPA 75 : 25 0.010  91 
 
As shown in Table 5.5, the DMVP-VPA 25:75 and DMVP-VPA 50:50 coatings gave the best 
water soak performance losing only 84% of the coating from the surface of the GRE compared to 
91% for DMVP-VPA 75:25 and 88% for PVPA. The improvement in the water soak tests was due to 
the addition of more methyl groups into the formulation, resulting in a greater degree of 
hydrophobicity compared to the control GRE-PVPA sample as expected. However the weaker 
performance of the GRE-DMVP-VPA 75:25 sample, even compared to the control, is possibly a result 
of incomplete polymerisation despite longer curing times, as it is difficult to check whether a sample 
has cured through the full depth once surface cure is completed. 
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Figure 5.5: Post water soak residue for DMVP-25:75 (a), DMVP-50:50 (b) and DMVP-75:25 (c) 
 As can been seen in Figure 5.5 the greater the percentage of DMVP in the coating, the larger 
are the flakes of coating left after water soak testing. This may be due to the greater degree of 
hydrophobicity of the coating owing to the methyl groups, or possibly indicates a greater degree of 
cross linking leading to larger fragments.  
In the tape pull test GRE-DMVP-VPA 50:50 gave the best performance, however all samples 
lost less than 0.1% of the coating mass from the surface. The coatings showed an improved degree 
of adhesion to the surface with an increasing percentage of DMVP.  
In order to study their effectiveness as flame retardant coatings on GRE cone calorimeter 
testing was also carried out on these coatings when they were applied to 75 x 75 mm squares of 
GRE, using a heat flux of 35 kW/m2.  The results obtained from these tests are listed as time to 
ignition (TTI), time to flame out (TTFO), peak heat release rate (PHRR) and time to peak heat (TTPH). 
The cone calorimetry results for these samples are given in Table 5.8 and Figure 5.6. 
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Table 5.8: Cone calorimeter results of DMVP-VPA coatings applied to a GRE substrate at 35 kW/m
2
 with no 
ignition source 
Sample 
(DMVP:VPA) 
Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m
2
) 
GRE - - 87 ± 20 186 ± 26 701 ± 71 110 ± 15 33.1 ± 0.7 
GRE-PVPA 0.36 ± 0.04 
34.5±4.
5 
130 ± 5 403 ± 47 375 ± 17 193 ± 13 
28.5 ± 0.5 
GRE-DMVP-VPA 
25:75 
0.55 ± 0.02 20 ± 4.5 172 ± 5 511 ± 28 262 ± 35 205 ± 5 
25.8 ± 1.7 
GRE-DMVP-VPA 50 
: 50 
0.36 ± 0.05 16 ± 1 196 ± 7 584 ± 20 281 ± 24 258 ± 23 
34.1 ± 3.2 
GRE-DMVP-VPA 75 
: 25 
0.25 ± 0.01 13 
181 ± 
29 
516 ± 17 308 ± 9 243 ± 18 
36.0 ± 0.3 
 GRE-DMVP-VPA 
100 : 0 
0.14 ± 0.01 No char 
111 ± 
25 
233 ± 30 602 ± 133 ± 23 
34.3 ± 1.6 
 
a 
 
b
 
Figure 5.6: HRR vs time (a) and mass % vs time (b) curves for 75 x 75 mm GRE coated with DMVP containing 
coatings on GRE at 35kW/m
2
 
As shown in Table 5.6 and Figure 5.4 all samples of the coating applied to a GRE substrate 
showed a marked improvement in flame retardance compared with that of the uncoated substrate, 
reducing the peak heat release and increasing the time-to-ignition. The addition of DMVP in VPA 
increased the time-to-ignition, time-to-flame out, time-to- peak heat release and decreased peak 
heat release.  In comparisons between the different formulations of coatings, the DMVP-VPA 50:50 
coating gave the best flame retardant performance with a TTI of 196 ± 7 s and a PHRR of 281 ± 24 
86 
 
kW/m2. Other formulations displayed shorter TTI, ranging from 111 ± 25 s for the DMVP-VPA 100:0 
sample to 181 ± 29 s for the DMVP-VPA 75:25, and a higher PHRR with values between 308 ± 9 
kW/m2 and 701 ± 71 kW/m2, although the DMVP-VPA 25:75 sample results were within the same 
experimental variation bounds as the DMVP-VPA 50:50.  As well as the increased PHRR there is an 
increase in the THR. The mass loss graph shows a much slower rate of mass loss for the coated 
samples in all but the DMVP-VPA 100:0 sample which showed a similar curve to the uncoated 
substrate but with a later onset of mass loss point. This suggests that the DMVP-VPA 100:0 doesn’t 
provide any significant protection against mass loss during exposure to fire. The DMVP-VPA 25:75, 
DMVP-VPA 50:50 and DMVP-VPA 75:25 all show a very gradual decline in mass as the sample heats 
and volatiles are released followed by a steeper decline after the ignition point (TTI, Table 5.7) of the 
samples. Here the DMVP-VPA 25:75 shows a greater decline in sample mass in the early stages of 
testing, where both the DMVP-VPA 50:50 and DMVP-VPA 75:25 are smoother, there is also a steeper 
decline after the point of ignition for this samples when compared to the other two. As is in line with 
the peak heat release results the DMVP-VPA 50:50 sample shows the most gradual rate of mass loss 
with the latest TTI of all of the tested samples here. The decrease of flame retardant performance 
for the coatings with greater than a 50:50 DMVP:VPA ratio may be due to the addition of extra 
flammable material with the increasing quantities of methyl groups, as these add  greater number of 
carbon and hydrogen atoms to the coating. 
A further comparison between the PVPA-10% and the best performing of the DMVP 
modified coatings, the DMVP-VPA 50:50, is shown in Figure 5.8: 
 
Figure 5.8: Comparison of heat release rates for GRE-PVPA and GRE-DMVP-VPA 50:50 samples 
As seen here, there is a delay in TTI for the GRE- - DMVP-VPA 50:50, however the peak heat 
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release for this sample is greater than that for the standard GRE-PVPA sample.  
Overall the DMVP improved the water soak test slightly, with no decline in performance in 
the tape pull test, however the use of DMVP in the coating did cause a reduction in the efficiency of 
the coating as a flame retardant. The improvement in the water soak was not enough to justify the 
slight loss of flame retardant performance and as such different modifications were attempted, 
beginning with the use of a dual layer system in order to try and achieve the greatest benefit from 
different DMVP:VPA ratios. 
5.2.2. Dual Layer Coatings using Dimethylvinylphosphonate and Vinyl Phosphonic 
Acid 
Another route to improve hydrophobicity of coatings which followed from the work 
described in Section 5.2.1 was the use of dual layer coatings using DMVP and VPA on GRE (GRE was 
used as these experiments were done early on during the course of the project prior to the 
acquisition of PMMA substrate), with a layer of one coating formulation laid down and polymerised, 
followed by a second layer using the same or a different formulation of the coating applied and 
polymerised. This was done using both the most effective 50:50 DMVP:VPA formulation from 
previous experiments and a coating of just polymerised DMVP. However, these also took a longer 
time to cure than plain PVPA coatings and suffered similar viscosity problems as single layer coatings 
in 100:0 DMVP:VPA formulations.  
Table 5.9: Tape pull and water soak test results for dual layer coatings applied to a GRE substrate 
Sample GRE-
(DMVP:VPA) 
Tape pull test GRE 
% Mass loss 
Water Soak GRE 
 % Coating loss 
GRE-DMVP-0:100 0.25  93  
GRE-DMVP-
50:50B-50:50T 
0  98  
GRE-DMVP-
50:50B-100:0T 
0.02  99  
GRE-DMVP-
0:100B-100:0T 
0.015  94  
 
As shown in Table 5.9, the coatings once again displayed good adhesion to the surface and 
to each other where two layers of coating were applied, this suggests that interaction also occurs 
between the layers of coating as well as between the coating and the substrate and is not greatly 
affected by the use of DMVP in the place of standard VPA. However the coatings still show a 
significant mass loss when exposed to water due to the coating fragmenting and cleaving from the 
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surface of the substrate. 
 
The results of cone calorimeter testing on the coatings applied to 75 x 75 mm samples GRE 
at 35 kW/m2 with no source of ignition are given in Table 5.9 and Figure 5.9. All tests were 
performed in duplicate. 
 
Table 5.10: Cone calorimeter results for dual layer DMVP coatings applied to GRE at 35kW/m
2
 with no source 
of ignition 
Sample 
(DMVP:VPA) 
Coating 
Thickness 
(mm) 
Char Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m
2
) 
GRE 
 
- - 80 162 ± 11 697 ± 40 93 ± 2 
24.7 ± 1.8 
GRE-PVPA 0.39 ± 0.16 38.7 ± 3.9 142 ± 15 426 ± 10 254 ± 9 203 ± 8 30.9 ± 1.9 
GRE-DMVP-
50:50B-50:50T 
0.58 ± 0.06 16.5 ± 0.7 214 ± 6  695 ± 21 193 ± 7 293 ± 23 
29.8 ± 5.4 
GRE-DMVP-
50:50B-100:0T 
0.52 ± 0.13 23.2 ± 1.6 185 ± 46 615 ± 56 150 ± 33 240 ± 18 
18.7 ± 5.5 
GRE-DMVP-
0:100B-100:0T 
0.62 ± 0.05 35.7 ±12.5 
198 
- 
527 
- 
173 
11 
250 
225 
22.7 
2.9 
 
a
 
b
 
Figure 5.9: HRR vs time (a) and mass % vs time (b) curves for dual layer DMVP:PVPA coated GRE samples. 
Numbers 1 and 2 denote the two separate samples tested. 
As shown in Table 5.9 and Figure 5.9 there was a reduction in PHRR and a delay in TTI 
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compared to both the uncoated GRE and the plain PVPA coating (shown here as 0:100 DMVP:VPA 
ratio). Time-to-ignition for the uncoated epoxy substrate and GRE-PVPA were 80 s and 142 ± 15 s 
respectively, the DMVP dual coated sample with the greatest ignition time was the GRE-DMVP-
50:50B-50:50T had a time to ignition of 214 ± 6 s, an improvement of 72 ± 21 s compared to the 
PVPA-10% coating. This difference is significant despite the variation in the thicknesses of the control 
GRE-PVPA.  There is a smaller difference between the peak heat release rate of the PVPA- coating 
and the coatings containing DMVP, with the GRE-PVPA having a peak heat release of 254 ± 9 kW/m2 
whereas the sample with the lowest peak heat release, the GRE-DMVP-50:50B-100:0T, had a peak 
heat release of 150 ± 33 kW/m2, a difference of 104 ± 40 kW/m2. This may be due to the increasing 
thickness of the coating providing a greater layer of protection for the PMMA, though all attempts 
were made to ensure uniform thickness the use of dual layers and viscosity of the coatings 
contribute to differing thicknesses. Again there was ignition in the majority of samples, though it is 
likely that this is due to non-uniform polymerisation as the two monomers take different amounts of 
time to polymerise completely when used alone although attempts were made to ensure this did 
not happen (extended time under curing conditions to attempt to ensure full polymerisation). It may 
also be due to gaps in the coating, especially around the edges of the substrate where it was most 
difficult to make the monomer coating stick for long enough to allow polymerisation to occur owing 
to surface wetting problems. Problems with the DMVP-50:50B-100:0T and DMVP-0:100B-100:0T 
coatings are linked to the dimethyl vinyl phosphonate’s low viscosity, as this made the coating more 
difficult to retain on the surface during transfer to the curing apparatus even with use of a dam 
around the edges of the substrate. 
There are also clear differences in the mass lost during cone calorimetric tests between the 
different coating formulations, with the two coatings utilising the PVPA standard coating, 0:100 and 
0:100 base layer with 100:0 top layer, producing the least mass lost during testing. Both of the 
coatings using a 50:50 base layer resulted in much greater mass lost, with the DMVP-50:50B-100:0T 
giving slightly improved results. This suggests that the char formed by the PVPA gives a greater 
degree of protection to the underlying substrate than the char formed by the 
dimethylvinylphosphonate.  
Overall the use of DMVP gives a greater adhesion to the surface of the substrate and delays 
time-to-ignition and provides better flame retardant effect, however there is no improvement in 
resistance to the water soak test therefore the use of DMVP in the coating has not helped to solve 
the initial problem. 
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5.2.3. Coatings Containing Dibromostyrene co monomer 
Dibromostyrene (DBS), provided by Chemtura, was introduced into the coating with the 
view of improving water soak test performance with the inclusion of the hydrophobic styrene 
groups. Dibromostyrene in particular was chosen for this role owing to its use in commercial flame 
retardants, and as such it was hoped that it would not have a negative impact on the flame 
retardant character of the PVPA coating.  
A proposed mechanism for the reaction between DBS and DMVP is given in Figure 5.10 
 
Figure 5.10: Proposed mechanism for reaction between DBS and DMVP 
As Figure 5.10 shows the proposed mechanism is a straightforward chain polymerisation 
across the C=C double bonds in both of the monomers, though the final chain structure is unclear as 
to whether this is an alternating, block or random co-polymer.  
Polymerised DBS was tested both alone as a coating (with and without the use of a cross 
linker) and blended with dimethylvinylphosphonate (again with and without use of a cross linker). 
DMVP was chosen for blending with the DBS as DBS had poor miscibility with VPA. All coatings were 
applied to PMMA as the substrate. In the table below the samples are denoted as PMMA-DBS for 
the pure DBS coating, PMMA-DBS-50:50 for the coating containing a 50:50 ratio by weight of 
DBS:VPA and the same again with NX as a suffix for coating where no cross linker was included. 
Results of tape pull, water soak and cone calorimetry tests for these coatings applied to a PMMA 
substrate are given in Tables 5.10 and 5.11 and Figure 5.7. 
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Table 5.11: Tape pull and water soak results of DBS containing coatings on PMMA 
  Sample Tape pull test, % Mass 
loss 
Water Soak PMMA 
 % Coating loss 
PMMA-PVPA 0.04 89 
PMMA-DBS 0.05 0.5 
PMMA-DBS-50:50 1.12 4.7 
PMMA-DBS-NX 0.04 0.5 
PMMA-DBS-50:50-
NX 
0.02 29 
 
In tape pull testing, overall, the performance of the DBS containing coatings was on par with 
the PVPA only coating, with the exception of the DBS-50:50 coating which lost 1.12 % of its mass 
during the tape pull. This suggests that the adhesion between the DBS-50:50 coating and the 
substrate is not as good as that in the other DBS coatings. 
The DBS containing coatings performed well in the water soak tests, with significant 
improvement over the PVPA control from almost 90% coating lost to less than 1% when no DMVP 
was added and less than 30% when combined with DMVP. The inclusion of cross linker had no effect 
on the water soak results for DBS coatings, but significantly improved the performance of the 50:50 
DMVP:DBS coating.  
Cone calorimeter testing was performed on the samples to quantify the burning behaviour 
of the coatings and the degree of protection they afford to the PMMA substrate. Testing was done 
on coatings applied to 75 x 75 mm squares of PMMA at a heat flux of 35 kW/m2 with no source of 
ignition. The results of the cone calorimeter tests are given in Table 5.11 and Figure 5.11. All samples 
were tested in duplicate and averages across the two tests are given. 
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Table 5.11: Cone calorimeter results at 35kW/m
2
 with no ignition 
Sample 
Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m
2
) 
PMMA - - 137 ± 32 274 ± 34 775 ± 175 170 ± 15 45.4 ± 8.4 
PMMA-PVPA 0.40 31 ± 2 96 590 292 175 88.7 
PMMA-DBS 0.31 ± 0.02 No char 118 ± 9 242 ± 11 914 ± 36 160 ± 0 71.3 ± 2.0 
PMMA-DBS-
50:50 
0.23 ± 0.03 No char 106 ± 13 220 ± 7 987 ± 4 160 ± 10 69.1 ± 4.4 
PMMA-DBS-
NX 
0.18 ± 0.06 No char 154 ± 14 339 ± 1 1007 ± 11 180 ± 5 59.3 ± 5.5 
PMMA-DBS-
50:50-NX 
0.19 ± 0.07 No char 109 ± 1 220 ± 2 954 ± 6 160 ± 0 79.3 ± 3.0 
 
a b  
Figure 5.11: HRR vs time (a) and mass % vs time (b) curves for DBS coatings applied to PMMA at 35 kW/m
2
 
with no source of ignition 
As shown in Figure 5.11, despite excellent performance in the water soak and tape pull 
testing, the dibromostyrene containing coatings performed extremely poorly in cone calorimetry 
tests, with a substantial increase in peak heat release rate compared with the PVPA coated sample 
and little delay in time-to-ignition when compared to a standard PVPA coating. The PVPA coating in 
this test gave a time-to-ignition of 96 s and a peak heat release rate of 292 kW/m2, compared to the 
other coatings which gave an average time to ignition of 111 ± 11 s. These coatings also showed a 
much greater mass loss than that displayed by the PVPA-10% coating, mirroring the mass loss curve 
given by uncoated PMMA closely (Figure 5.11b). The pure dibromostyrene coated PMMA did show a 
slightly reduced rate of mass loss, with the dibromostyrene coating with no addition of cross linker 
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giving the latest onset of mass loss and least steep of the mass loss curves. These results are possibly 
due to the addition of extra flammable materials in the coating, namely the carbon and hydrogen 
content, particularly due to the use of dimethylvinylphosphonate in place of vinyl phosphonic acid 
which also removes the –OH groups responsible for the release of water, the blowing agent for the 
formation of intumescent char. While bromine containing compounds are commonly used as a 
flame retardant, bromine acts mostly within the gas phase and may be allowing the PMMA to 
combust and decompose prior to any flame retardant action taking place. Bromine containing flame 
retardants have also been shown to be less efficient than many common polymeric flame retardants 
[109]. The presence of bromine however, increases the time-to-ignition  compared to the PVPA 
coating, though the effect is not very pronounced. 
5.2.4. PVPA Coating Containing Acrylonitrile 
Acrylonitrile (AN) was chosen as a monomer for inclusion in the PVPA coating owing to the 
ability for VPA monomers to readily form co-polymers with acrylates [105][106][107] with 
acrylonitrile in particular chosen owing to the known excellent char forming properties of 
polyacrylonitrile. In this project a formulation using a 80:20 VPA:AN ratio by weight was used. 
It is thought that this reaction proceeds using a straightforward co-polymerisation route, 
and a proposed mechanism for this polymerisation is given in Figure 5.12. 
 
Figure 5.12: Proposed mechanism for VPA and Acrylonitrile co-polymerisation 
 As can be seen in Figure 5.17 the proposed mechanism is a straightforward radical initiated 
polymerisation across the C=C double bonds in both vinylphosphonic acid and acrylonitrile. There is 
no clear idea of the order of the two monomer groups in the chain, or whether the copolymer 
formed is random, alternating or block. There will also be some cross linking between the chains, 
due to the presence of the cross linker and as shown by the overall coating stability in water soak 
tests (see Table 5.12), discussed later. 
FTIR spectroscopy was used to provide more information on the composition of a plaque 
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(made following the process as described in Chapter 3, Section 3.3.5) without any underlying 
substrate in order to prevent any interference from the substrate into the scan. The graph of this is 
given in Figure 5.13. 
 
Figure 5.13: FTIR spectrum of PVPA-AN plaque 
As seen in Figure 5.13 the key peaks from the VPA unit are again clearly visible with the POH 
and P=O peaks around 950 cm-1 and 1100 cm-1 respectively, alongside the broad OH peak around 
2500 cm-1. The characteristic C=O peak of the cross linker is also evident at around 1685 cm-1. 
Unfortunately the key nitrile CN peak, which would appear 2210 cm-1 and 2260 cm-1, has been 
hidden by a broad peak from PVPA. This peak is easily hidden due to it being a weak signal as there is 
only a small change in dipole moment on the excitation of the C≡N group. 
Thermogravimetric analysis was also carried out on the acrylonitrile containing coating 
independent of a substrate and the graph of this and the standard 10% cross-linked PVPA coating in 
order for a comparison between the coating with and without the addition of acrylonitrile to be 
more easily carried out and the effect of the acrylonitrile on the coating’s thermal degradation to be 
more readily apparent. The results of this are given in Table 5.12 with the curves given in Figure 
5.14: 
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Table 5.12: TGA results for PVPA and PVPA-AN plaques under air, with a heating rate of 10°C per minute from 
RT to 900°C 
Sampl
e 
Decompositio
n Stage 
Temp 
Range (°C) 
Mass 
Loss (%) 
Residue at 
750°C (%) 
DTG 
Peak (°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) 
Max (°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2  
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
AN 
Stage 1 RT - 248 11.3 
7 
- - - 
Stage 2 248 - 323 6.3 - 247 280 
Stage 3 323 - 436 12.2 443 323 382 
Stage 4 436 - 789 63.2 - 436 594 
 
 
Figure 5.14: TGA mass loss curves for poly(VPA-co-AN) PVPA plaques under air, with a heating rate of 10°C per 
minute from 50°C to 900°C 
As seen in Figure 5.14 and Table 5.12 the inclusion of acrylonitrile as a co-monomer 
produces a four stage process compared to the three stage decomposition of PVPA. The mass loss 
between room temperature and around 340°C is roughly the same for both PVPA and PVPA-AN at 
16.3% and 17.6% respectively and in all likelihood corresponds to the loss of water from the polymer 
PVPA-AN loses more mass between 323°C and 436°C than PVPA does in the corresponding stage 
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(340°C - 422°C), suggesting that the intumescence of the coating should be greater in this case. The 
final oxidation stage is roughly the same mass loss between both PVPA and PVPA-AN, though the 
PVPA-AN starts at a slightly higher temperature than PVPA and leaves slightly more residue. This 
suggests that PVPA-AN is possibly slightly more stable at higher temperatures than PVPA. 
For durability testing, tape pull and water soaks tests were undertaken as for previous 
coating formulations, with water soak testing being performed on a substrate free plaque of the 
material in order to investigate the coatings performance in water without any substrate and to 
better analyse the percentage of coating which would be lost in a water soak. 
 
Table 5.13: Durability Testing of PVPA-Acrylonitrile coating on PMMA 
Sample Tape Pull  
% Mass Lost 
Water Soak PMMA  
% Mass Lost 
PMMA-PVPA 0 89 
PMMA-PVPA-AN 0.89 47 
 
Table 5.14: Water soak test results of PVPA-AN plaque 
Sample Water Soak Plaque 
% Mass Lost 
PVPA 16.1 
PVPA-AN 19.8 
 
As shown in Table 5.13,  in tape pull testing there was a slight increase in the percentage 
mass loss, however this is still less than 1% of the coating mass suggesting good adhesion to the 
surface of the substrate. The water soak test results in Table 5.14 show that the addition of 
acrylonitrile did not produce any significant effect on the amount of the coating retained during 
soaking of the plaque, showing that there is a good degree of cross linking between the PVPA and 
the acrylonitrile, however when the Poly(VPA-co-AN) was applied to the PMMA substrate (see Table 
5.13) and subjected to water soak testing there was a coating loss of 47 % from the surface of the 
substrate. This shows a significant improvement in adherence to the surface of the substrate 
compared to PVPA alone. 
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Figure 5.15: PVPA-AN plaque post soak residue 
 As can be seen from Figure 5.15, the post water soak fragments of the PVPA-AN coating 
plaque are larger than those which can be seen after soaking of PVPA coating alone (see Figure 4.7, 
Chapter 4, Section 4.2). This suggests that breaks along the polymer chain occur less readily. 
Two 75 x 75 mm PMMA plaques coated with the poly(VPA-co-AN) coating mixture were 
subjected to cone testing at 35 kW/m2. The results of these tests are given in Table 5.15 and Figure 
5.16: 
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Table 5.15: Results of cone testing of poly(VPA-co-AN) coating on PMMA at 35kW/m
2
 with no source of 
ignition 
Sample  Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR  
(MJ/m
2
) 
PMMA - - 90 ± 3 204 ± 5 863 ± 25 143 ± 3 68.5 ± 1.4 
PMMA-PVPA 0.55 ± 0.05  30 ± 4 No ignition No ignition - - 6.6 ± 5.3 
PMMA-PVPA-
AN 
0.50 ± 0.06 28.1 ± 5.8 385 ± 90 675 ± 39 247 ± 20 440 ± 55 
43.2 ± 16.2 
 
a
 
b
 
Figure 5.16: HRR vs time (a) and mass % vs time (b) curves for Poly(VPA-co-AN) on PMMA 
 
 As shown in Figure 5.16 the PMMA samples coated with the poly(VPA-co-AN)copolymer 
both ignited but showed a large variation in time-to-ignition, suggesting that the two monomers had 
not blended well and thus there was some variation in the copolymer networks. Despite the ignition 
of the samples the peak heat release was greatly reduced from that of the uncoated PMMA and of a 
similar value in both tests.  
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Figure 5.17: Char images for PMMA-PVPA-AN after cone testing 
 As can be seen in Figure 5.17 the char left after PMMA-PVPA-AN samples were exposed to 
the cone calorimeter displayed holes in the char surface, this suggests that the char may not protect 
the underlying substrate as the holes would allow the substrate to be exposed to heat. The surface 
of the char is also uneven, as seen in many of the other chars discussed within this chapter. 
5.2.5. PDMS Based Coatings 
PDMS was used as the basis for the coating formulation due to its hydrophobic nature. A 
small percentage of VPA was incorporated into PDMS with the hope that there would be some 
bonding between VPA and PDMS chain as a co monomer due to the presence of double bonds in 
VPA allowing for bonds to form between the two monomers as proposed in Figure 5.18. VPA was 
included into the PDMS in 10% and 20% by weight additions, as well as a 10% by weight addition of 
prepolymerised PVPA. 
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Figure 5.18: Proposed mechanism for PVPA and PDMS co polymerisation 
 Firstly experiments were done using plaques of the copolymers, synthesised independent of 
any substrate in order to study whether it was possible to copolymerise the two monomers, and also 
to study their hydrophilic nature in a water soak test. A plaque of pure PDMS was also synthesised in 
order to act as a control sample in the testing. Most plaques cured after 15 minutes at 130°C, 
however there was evidence of air bubbles forming in the 10% and 20% VPA plaques, and the PVPA 
containing plaque did not seem to undergo full cross linking, resulting in a coating which 
disintegrated easily. Water soak testing was carried out on these plaques, the results of which are 
given in Table 5.16: 
Table 5.16: Water Soak Test results for PDMS coating plaques 
Sample Water Soak Plaque 
% Mass Lost 
PDMS 0.2 
PDMS-10% VPA 4.6 
PDMS-20% VPA 10.2 
PDMS-10% PVPA 2.9 
 
 As shown in Table 5.16 in water soak tests there is much less mass lost with the PDMS based 
plaques than in PVPA plaques, with the mass lost in the VPA containing plaques being smaller than 
the percentage of the VPA in the plaque. This suggests that while there is not total copolymerisation 
of the VPA into the PDMS, there is some solid inclusion preventing it from dissolving out during the 
test. As Figure 5.20 shows, the plaques which contained VPA demonstrated some fragmentation of 
the plaque during water soak tests. 
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Figure 5.19: Pure PDMS plaque after water soak 
  
Figure 5.20: PDMS 10% VPA (left), PDMS 20% VPA (right) plaques after water soak 
 These figures show that a greater percentage of VPA included into the PDMS coating 
reduced the size of the fragments left after water soak testing of the plaques. As can been seen in 
Figures 5.19 and 5.20, a pure PDMS plaque did not display any fragmentation after water soak, 
whereas the PDMS-20% VPA plaque broke into four pieces. 
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Table 5.17: Tape pull test results for PDMS coatings applied to PMMA 
Sample Tape Pull Test 
% Mass Lost 
PMMA-PDMS 100 
PMMA-PDMS-10% VPA 60 
PMMA-PDMS-20% VPA 25 
PMMA-PDMS-10% PVPA - 
  
The PDMS coatings were then applied to strips of PMMA in order to study the adhesion 
between the coating and the surface of the substrate, the results of which are given in Table 5.17. 
The samples were again cured at 130°C for 15 minutes, however as the PDMS with 10% PVPA did not 
cure properly when a plaque was made it was not used as one of the coatings applied to PMMA. The 
PDMS cured fully when applied to the PMMA, however the PDMS coating was removed entirely 
during the tape pull test.  The 10% VPA containing PDMS resulted in a very fragile and flaky coating 
of which 60% was lost during the tape pull test. The 20% VPA containing PDMS had a bubbly greasy-
feeling cure of which only 25% was lost during the tape pull test. This shows that the inclusion of 
PDMS into the coating reduces the adhesion between the coating and the substrate significantly, 
resulting in poor tape pull test results.  
 
5.3. Results: Inclusion of Additives in PVPA Coating 
 In order to address the poor adhesion of the coating to the surface during water soak testing 
as seen in earlier studies detailed in this thesis further additives were sought to improve the 
performance. It is known that many metal phosphates are insoluble in water, therefore published 
literature was searched to determine whether some materials would be better than others to 
address the hydrophilicity issues of the coating.  
5.3.1. PVPA Coatings Containing added Magnesium Oxide (MgO) on PMMA 
 There is a European patent from 1993 detailing the use of a combination of poly(vinyl 
phosphonic acid) and magnesium oxide to form a dental cement [90]. As dental cements are 
insoluble by design this technology could potentially be implemented to impart some 
hydrophobicity to PVPA flame retardant coatings, by forming magnesium phosphate which like 
many metal phosphates is insoluble in water.  
The MgO was used in a much smaller concentration in the coatings (1%, 5% and 10% by 
103 
 
weight) than in dental cements (where it has been used as a 50:50 ratio of MgO to PVPA by weight) 
in order to maintain a relatively low viscosity, as formulations containing more than 10% MgO by 
weight were difficult to work with. These coatings were once again cured using the UV cure 
technique described in Chapter 3, Section 3.3.2. When cured there were still small particles of MgO 
visible as white specs within the coating matrix of the plaque, suggesting that the MgO is not fully 
chemically interacting with the VPA coating as can be seen in Figure 5.21. 
 
Figure 5.21: Image of PVPA-MgO 5% plaque showing the solid magnesium oxide suspended within the polymer 
coating  
A proposed mechanism for the reaction occurring between VPA and MgO is given in Figure 
5.22. 
 
Figure 5.22: Proposed reaction mechanism between VPA and magnesium oxide 
 As the MgO does not react completely with the VPA it is proposed that there is a metal 
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complex formed between the magnesium ion and oxygen ions from two of the phosphoric acid 
groups on the PVPA polymer chain as Mg ions displace the protons on OH groups.  
Prior to application onto PMMA as a coating and any fire or durability testing the coating 
formulations cured as plaques were characterised using FTIR analysis. The relevant spectra are 
shown in Figure 5.23: 
 
Figure 5.23: FTIR spectra of PVPA-MgO plaques 
 As seen in Figure 5.23, owing to the magnesium oxide content causing a greater level of 
opacity in the samples there is much more interference in the FTIR scans of the magnesium 
containing coatings than there are from those with no magnesium added as seen by the increased 
amount of noise on these scans and reduced peak height including some negative peaks. The 
interference in the signals is also notably higher with a greater percentage of MgO. The most notably 
difference of the FTIR scans is that of the 1% MgO containing sample which shows an increase in 
absorbance around 3000 cm-1 where both of the other samples had a marked decline in infra-red 
absorbance. This spectra also showed more signals in the fingerprint region below 1000 cm-1. 
Durability testing in the form of tape pull and water soak tests on the coating when applied 
to PMMA substrate, as well as a further water soak on a plaque of the coating formed independent 
of any substrate made for further analysis of the behaviour of the coating in water. The results of 
these tests are given in Table 5.18. 
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Table 5.18: Results of tape pull and water soak tests on MgO containing coatings applied to PMMA substrate 
Sample Tape Pull on 
PMMA 
% Coating Lost 
Water Soak 
PMMA 
% Coating Lost 
PMMA-PVPA 0.04 89 
PMMA-PVPA-MgO 10% 0.09 40.2  
PMMA-PVPA-MgO 5% 0.34 51.7  
PMMA-PVPA-MgO 1% 0.19 54.0  
 
Table 5.19: Results of water soak tests on MgO containing coating plaques 
Sample Water Soak Plaque 
% Mass Lost 
PVPA 12.1 
PVPA-MgO 10% 22.6 
PVPA-MgO 5% 19.1 
PVPA-MgO 1% 18.0 
 
The tape pull test results in Table 5.18 shows that MgO containing coatings had reasonable 
adhesion to the PMMA surface, with greater resistance to the water soak test than PVPA alone. 
These coatings also left a residue on the surface after soaking as seen in Figure 5.24, which was not 
removed by a second water soak. There was a decline in the water soak results from testing of the 
plaques as shown in Table 5.19, going from 12.1% in PVPA to 18% or more mass lost in the MgO 
containing plaques, this is possibly due to the concentration of the MgO preventing a greater degree 
of cross linking throughout the plaque. However this is the opposite result as that seen with the 
coatings applied to PMMA, suggesting that the adhesion between the coating and the plaque has 
some influence on the retention of coating mass during water soak testing. 
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Figure 5.24: PMMA-PVPA- MgO 5% after water soak test 
 
 
Figure 5.25: Post water soak images of PVPA-MgO 10% (a), PVPA-MgO 5% (b) and PVPA-MgO 1% (c) plaques  
 As shown in Figure 5.25, decreasing the percentage of MgO in the plaque caused a decrease 
in the size of the flakes of coating which were retained after the water soak testing of the plaques. 
This suggests that the PVPA-Mg complexes theorised to be formed during the synthesis of the 
plaque are causing some hydrophobicity and allowing the coating to retain stability where the 
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complexes are formed.  
The FTIR scans of both these plaques and the residues remaining from these plaques are 
given in Figures 5.26, 5.27 and 5.28. 
 
 
Figure 5.26 FTIR spectra of PVPA-MgO 10% plaque and post water soak residue 
 
Figure 5.27: FTIR spectra of PVPA-MgO 5% plaque and post water soak residue 
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Figure 5.28: FTIR spectra of PVPA-MgO 1% plaque and post water soak residue 
 As seen in the figures 5.26 to 5.28, the FTIR spectra have the same general shape in both the 
pre and post water soak scans, demonstrating that the residue left after the water soak testing is 
probably of the same composition as the plaques. There is a distinct broadening of all of the FTIR 
peaks seen in the spectra of the residue due to the uptake of water, and reduced signal strength 
arising from the reduction in concentration of material on the surface of the plaques. 
Thermogravimetric analysis was also carried out on each of the coating plaques synthesised 
independently of the substrate using a heating rate of 10°C per minute, at temperatures between 
room temperature and 900°C to study the thermal degradation of the sample and give better insight 
into the temperatures at which each of the degradation steps occurs. The results of these analyses, 
alongside that of the standard PVPA-10% coating for reference, are given in Table 5.20 and Figure 
5.29: 
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Table 5.20: TGA/DTA results for PVPA and MgO containing plaques under air, with a heating rate of 10°C per 
minute from RT to 900°C 
Sample 
Decomposition 
Stage 
Temp 
Range 
(°C) 
Mass 
Loss 
(%) 
Residue at 
750°C (%) 
DTG 
Peak (°C) 
DTA Peak 
(Exo) Onset 
(°C) 
DTA Peak (Exo) 
Max (°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-MgO 
10% 
Stage 1 RT - 51 1.1 
39.1 
(33 at end of 
test) 
- - - 
Stage 2 51 - 313 15.6 - 51 132 
Stage 3 313 - 432 7.7 430 313 402 
Stage 4 432 - 855 41.9 - 431 599 
PVPA-MgO 
5% 
Stage 1 RT - 317 17.2 18.0 
(13.9 at end 
of test) 
- - - 
Stage 2 317 - 431 10.7 426 317 400 
Stage 3 431 - 848 58.2 - 431 548 
PVPA-MgO 
1% 
Stage 1 RT - 193 7.6 
25.1 
- - - 
Stage 2 193 - 316 8.2 - 193 201 
Stage 3 316 - 424 11.4 424 316 394 
Stage 4 424 - 776 47.7 - 424 553 
 
 
Figure 5.29: TGA/DTA curves of magnesium oxide containing PVPA samples under air, with a heating rate of 
10°C per minute from RT to 900°C 
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 As shown in Table 5.20 and Figure 5.29 all of the MgO containing samples retained more 
mass even at high temperatures than that without any MgO, with the increase in percentage mass 
retained at the end of the test adding up to more than the mass of PVPA residue plus the mass of 
thermally stable MgO added. This suggests that the addition of MgO is giving the coating even more 
thermal stability, possibly due to the formation of some metal-phosphate complexes.  The first 
degradation mass loss stage occurs at slightly lower temperatures in the MgO containing samples, 
between room temperature and around 320°C compared to 340°C for PVPA alone, however the 
percentage mass loss is very similar across all samples. In the second stage of degradation between 
320°C and about 430°C the mass loss increases as the percentage of MgO included in the sample 
decreases, this suggests that MgO is adding thermal stability to the sample although only the PVPA-
MgO 10% has a smaller mass loss during this stage than PVPA alone. The final degradation step is 
where the most difference is seen between the samples with a significant reduction in the mass loss 
in the MgO containing samples, most notably the PVPA-MgO 10%. This also has the most gradual 
curve of mass loss as seen in Figure 5.29 suggesting a lower rate of mass loss, suggesting lesser 
intumescence of the char. 
Cone calorimeter testing was performed on the PVPA coated PMMA samples to quantify the 
burning behaviour of the coatings and the degree of protection they afford to the PMMA substrate. 
Testing was done on 75 x 75 mm squares of PMMA with the coatings applied to the surface at a heat 
flux of 35 kW/m2 with no source of ignition. The results of the cone calorimeter tests are given in 
Table 5.21 and Figure 5.30. 
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Table 5.21: Cone calorimeter results for PVPA-MgO coated 75 x 75 mm PMMA samples at 35 kW/m
2
 with no 
source of ignition 
Sample  Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m
2
) 
PMMA - - 89 ± 3 275 ± 37 900 ± 44 150 ± 5 78.5 ± 0.4 
PMMA-PVPA 0.42 ± 0.09 32 ± 6 No sample ignition - 6 ± 2  0.6 ± 0.2 
PMMA-PVPA-
MgO 10% 
0.67  33.6 519 775 449 525 
38.6 
PMMA-PVPA-
MgO 5% 
0.53 33.7 378 659 343 425 
62.3 
PMMA-PVPA-
MgO 1% 
0.44 
0.37 
35.7 
26.8 
723 
No sample ignition 
1028 
- 
257 
9 
765 
300 
37.7 
0.63 
 
a
 
b 
 
Figure 5.30: HRR vs time (a) and mass % vs time (b) curves for PVPA-MgO coated PMMA samples 
The results in Table 5.21 and Figure 5.30 show a marked delay in TTI, with the  PMMA-PVPA-
MgO 1% demonstrating the longest time to ignition at 723 s compared to 89 ± 3 s for uncoated 
PMMA and an average of 110 – 120 s for previous PVPA coatings on PMMA (as in this test the PVPA 
coated PMMA sample failed to ignite). This is a marked improvement, evident in even the poorest 
performing of the MgO  containing coatings, PVPA-MgO 5% where the time-to-ignition was 378 s. 
PVPA-MgO 1% containing coating also gave the lowest peak heat release rate of the magnesium 
containing coatings at 257 kW/m2 compared to 343 kW/m2 and 449 kW/m2 for the coatings 
containing PVPA-MgO 5% and PVPA-MgO 10% respectively. The improvement it also evident in the 
mass loss curves for the coatings, with the PVPA-MgO 1% coating showing the slowest rate of mass 
loss of the four coatings, with none of the sharp declines as seen in the PVPA-MgO 10% or the PVPA-
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MgO 5%. This suggests that a small percentage of MgO is all that is required to create a stronger 
protective network than VPA on its own, which may be due to higher concentrations causing 
interference in the polymerisation of the VPA and cross linker network. Improvements in the 
effectiveness of the coating may also be due to the increase in thickness of the coating due to 
increased viscosity, this would then create a thicker barrier between the source of heat and the 
substrate which would theoretically take a longer time to penetrate.  
 
Figure 5.31: PVPA-MgO 5% on PMMA Char after exposure to cone calorimeter 
 
Figure 5.32: PVPA-MgO 1% on PMMA Char after exposure to cone calorimeter 
 As seen in Figures 5.31 and 5.32, the chars formed by both the PVPA-MgO 5% and PVPA-
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MgO 1% coatings applied to PMMA were uneven and showed holes in the char surface, though 
these holes appear smaller in the PVPA-MgO 1% char. The holes in the char surface suggest that the 
char would not be able to protect the underlying substrate during a fire.  Both chars are uneven on 
the surface, however the PVPA-MgO 5% char shows a slightly greater extent of unevenness with the 
char expanding over the edges of the foil. This char is also more fragile than the char formed by 
PVPA-MgO 1%. 
5.3.2. PVPA Coating Containing Zinc Chloride (PVPA-ZnCl2) 
Given the somewhat promising results given by the use of magnesium oxide described in 
Section 5.3.1 the investigations branched out into looking at other metal ions, such as zinc, which 
could be added to PVPA in order to improve hydrophobicity by forming zinc phosphate complexes 
which would be insoluble in water and would therefore prevent swelling and fragmentation of the 
PVPA coating. A proposed mechanism for this reaction is given in Figure 5.33. 
 
Figure 5.33: Proposed mechanism for incorporation of zinc into PVPA matrix. 
 As shown in Figure 5.33, it is proposed that the zinc is incorporated into the PVPA in a similar 
way to MgO (see Figure 5.22), forming a zinc-PVPA complex between the zinc ions and oxygen on 
the phosphoric acid. 
At first application irrigation of a PVPA plaque with an aqueous zinc chloride solution was 
attempted by flooding the surface of the plaque with a 5% aqueous solution of zinc chloride. 
However, use of this solution led to fragmentation of the PVPA plaque seemingly before any 
stabilisation of the plaque could take place. 
Subsequently, polymerisation and crosslinking of a PVPA plaque containing added zinc 
chloride (1% and 5% by weight) was attempted, but the zinc chloride tended to settle at the bottom 
of the plaque before polymerisation was complete. The 1% plaque, which had a reasonable 
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dispersion of zinc chloride through the coating was tested for water resistance using a water soak 
tests and the results of this are given in Table 5.22. 
Table 5.22: Masses of PVPA plaques remaining undissolved following water soak tests 
Sample Mass Lost Plaque % 
PVPA 16.1 
PVPA-ZnCl2 1% 20.3 
 
 As shown in Table 5.22 there is a slightly greater percentage of the plaque dissolved during 
the water soak test, this suggests that the zinc chloride additive causes a lowering in the degree of 
cross linking in the sample. This may be due to the additive as large particles preventing the chains 
from getting close enough to allow cross linking to take place. 
 
 
Figure 5.34: PVPA-ZnCl2 1% plaque following water soak test 
 Figure 5.34 shows the fragments of the PVPA-ZnCl2 1% plaque after water soak testing 
results in small fragments at less than 5 mm, which is about the same size as fragments produced by 
PVPA alone. This suggests that the inclusion of the zinc into the PVPA does not help to increase the 
strength of bonding between PVPA chains which would result in larger fragment sizes as it would 
help prevent osmotic rupture.  
 The thermal degradation of the coating plaque was also studied using thermogravimetric 
analysis, heating between RT and 900°C at a rate of 10°C per minute. The results of this are given in 
Table 5.23 and Figure 5.35: 
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Table 5.23: TGA results for PVPA and PVPA-ZnCl2 1% plaques under air, with a heating rate of 10°C per minute 
from RT to  900°C 
Sample 
Decompositio
n Stage 
Temp 
Range (°C) 
Mass Loss 
(%) 
Residue at 
750°C (%) 
DTG 
Peak 
(°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
ZnCl2 1% 
Stage 1 RT - 379 19.4 
0 
- - - 
Stage 2 379 - 426 9.9 - 379 393 
Stage 3 426 - 752 70.7 432 426 534 
 
 
Figure 5.35: TGA curves for PVPA and PVPA-ZnCl2 1% plaques under air, with a heating rate of 10°C per minute 
from RT to 900°C 
 The addition of zinc chloride causes an increase in mass loss in the first stage of 
decomposition, possibly due to the liberation of Cl from the zinc chloride in the form of HCl 
alongside the removal of water. The second stage mass loss is similar in both PVPA and PVPA-ZnCl, 
though in PVPA-ZnCl2 it occurs at a higher temperature, suggesting an increase in thermal stability. 
However in the final stage, PVPA-ZnCl2 loses all of its mass whereas PVPA retains 5.2% which 
demonstrates a decrease in the thermal stability of the coating at high temperatures.  
 
 In conclusion due to the poor overall performance of PVPA-ZnCl2 1% it was decided not to 
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continue pursuing study of this coating. 
5.3.3. PVPA Coating Containing Calcium Silicate 
 Calcium silicate was included in the PVPA coatings as an additive owing to its insolubility in 
water and the potential for the formation of calcium phosphate, as well as the hydrophobicity of 
silica. The calcium silicate was also hoped to add some ceramic character to the char formed by the 
coating through potential formation of phosphosilicates during heating and combustion which 
would form a glassy layer. This would then add further stability and a greater degree of protection 
for the underlying substrate as well as strengthening the char formed. 
 
Figure 5.36: Proposed mechanism for the reaction between VPA and CaSi 
As shown in Figure 5.36, the proposed mechanism for incorporation of the CaSi into the 
PVPA coating is that of an electrostatic bond between the calcium ions and the oxygen on the 
phosphonic groups of the PVPA chain. Calcium silicate was incorporated in the PVPA in much the 
same way that MgO is, suspended within the cured polymer as visible white lumps of calcium 
silicate, this can be seen in Figure 5.37. 
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Figure 5.37: Image of Calcium Silicate suspended within the PVPA coating. (This is a coating applied to PMMA 
substrate, plaques of coating displayed the same appearance) 
The silicate was synthesised in the laboratory using sodium silicate and calcium chloride, 
both separately from and in conjunction with PVPA in aqueous solution. The sodium silicate, calcium 
chloride and VPA were mixed together in at 1:1:1 ratio by mass in different orders in different 
samples in order to investigate whether the order of addition had any effect on the end product 
either in terms of structure or performance under testing. The orders of addition in different 
samples are detailed in Table 5.24, the names of these samples are consistent throughout this 
section as relating to these orders of addition. 
Table 5.24: Calcium Silicate containing PVPA Coatings 
Name Composition 
PVPA-CaSi-1 Step 1: PVPA + CaCl2  
Step 2: Na2SiO3 
PVPA-CaSi-2 Step 1: PVPA +  Na2SiO3 
Step 2: CaCl2 
PVPA-CaSi-3 Step 1: CaCl2 + Na2SiO3 
Step 2: PVPA 
PVPA-CaSi-4 PVPA + Ca2SiO4 (solid, 5% by weight) 
 
These formulations were used to create plaques of the coating in order to test the solubility 
in water of the coating and for further study and analysis of the coating independently of the 
substrate. The results of water soak testing on the UV cured PVPA-CaSi plaques are given in Table 
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5.25. 
Table 5.25: Water Soak Testing Results for UV cured PVPA-CaSi plaques (see Table 5.24 for compositions) 
Sample % Mass Retained 
PVPA-CaSi-1 70 
PVPA-CaSi-2 35 
PVPA-CaSi-3 40 
PVPA-CaSi-4 79 
 
 As shown by the results the order of addition and mixing of the components of the coating 
can have a significant effect on the water resistance of the resulting plaque. The plaques which 
performed best in water were PVPA-CaSi-1 where Calcium Polyvinyl Phosphate was potentially one 
of the first things formed as VPA and calcium chloride were mixed together as a first step, and PVPA-
CaSi-4 where solid calcium silicate was added into the PVPA. None of the plaques produced 
remained intact after water soak testing, with all displaying the same flaking and potential osmotic 
rupture as seen in previous water soak testing. 
 In order to potentially improve the networking between calcium silicate and the poly 
vinyl(phosphonic acid) network there were a few different curing mechanisms investigated. The first 
sample made was done with a UV cure; there were then two further samples made, the first using 
only a thermal cure at 230°C for two hours in standard atmospheric conditions in order to promote 
formation of a ceramic layer and the second using UV curing followed by thermal post-curing. 
Thermal post curing was also used in order to ensure full cure of the coating, as the inorganic 
calcium silicate additive had the potential of interfering with the UV curing mechanism due to its 
opacity blocking light from reaching all parts of the coating and through its inability to cross link 
between the PVPA chains thus possibly preventing a full extent of cross linking. All samples were 
made using thermal cure only, however only the PVPA coating with solid calcium silicate additive 
was used for the UV cure with thermal post cure as this showed the best water soak results and 
unlike the coatings mixed in situ produced a thin enough fluid that it would be possible to use as a 
coating. 
 The thermally cured PVPA with solid calcium silicate additive expanded substantially during 
curing and formed a meringue like texture, followed by complete dissolution when exposed to 
water. The PVPA-CaSi samples which were mixed in situ and thermally cured formed much more 
solid plaques, however these were lumpy and not well spread due to the extremely viscous nature 
of the coating formula. The results from all the water soak tests for thermally cured PVPA-CaSi 
119 
 
plaques are given in Table 5.26. 
Table 5.26: Water Soak Test Results of thermally cured PVPA-CaSi plaques (see Table 5.24 for compositions of 
plaques) 
Sample % Mass Retained 
PVPA-CaSi-1 56 
PVPA-CaSi-2 42 
PVPA-CaSi-3 40 
PVPA-CaSi-4 0 
 
As shown in Table 5.23, all the thermally cured samples had poor performance in the water 
soak with the (PVPA + CaCl2) + Na2O3Si sample performing even more poorly than in the previous 
test with the UV cured sample. The smaller percentages of mass retained suggests that the degree of 
cross linking in these samples was lower than the cross linking seen in PVPA without any calcium 
silicate, which further compounds the idea that the calcium silicate has prevented full crosslinking of 
the chains.  
 
A plaque of PVPA with 5% addition of calcium silicate independent of a substrate was also 
made with UV cure followed by a thermal post cure. This sample did not suffer from the rapid 
expansion as seen in the purely thermally cured sample, though there was some unevenness in 
mixing where the solid calcium silicate was not fully dispersed through the vinyl phosphonic acid 
despite thorough manual mixing which could be seen as white dots throughout the plaque, shown in 
Figure 5.38. This plaque was subjected to a water drop test, in which there was significant swelling 
and disintegration of the water drop site, the onset of which began only five minutes into the test. 
After 30 minutes the surface of the sample had completely disintegrated and a depression in the 
surface of the sample owing to the disintegration of the plaque was visible. In a water soak test of 
this coating again independent of a substrate disintegrated completely, with the flakes being much 
smaller and less distinct than unmodified PVPA. The total mass retained at the end of water soak 
testing was 85.3%. This is most likely due to the high water absorption quality of calcium silicate, 
which would then lead to further swelling and osmotic rupture of the coating.  
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Figure 5.38: PVPA-CaSi 5% plaque 
 In order to study the adhesion between the coating and a substrate a coating was applied to 
a thin 25 x 75 mm strip of PMMA, followed by UV curing. When a tape pull test was carried out on 
this sample only 0.17% of the coating was lost, showing strong adhesion to the surface. This suggests 
that the calcium silicate has not interfered with any bonding occurring between the VPA and the 
PMMA. The results for all these durability tests are given in Table 5.27 and Table 5.28. 
Table 5.27: Tape pull and water soak test results for PVPA-CaSi coating applied to PMMA 
Sample 
Tape Pull 
% Mass Lost 
Water Soak PMMA 
% Coating Lost 
PMMA-PVPA 0.04 89 
PMMA-PVPA-CaSi 5% 0.17 97 
 
Table 5.28: Water soak results for PVPA-CaSi 5% plaques  
Sample 
Water Soak Plaque 
% Mass Lost 
PVPA 16.1 
PVPA-CaSi 5% 14.7 
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Figure 5.39: PVPA-CaSi 5% plaque following water soak testing 
 As seen in Figure 5.39 the fragments from the PVPA-CaSi 5% plaque following water soak 
testing are small, comparable to those from the PVPA-MgO 1% plaque and smaller than those seen 
with the PVPA alone. This suggests that the bonding between calcium and PVPA is very weak, and 
allows for easy osmotic rupture as the smaller fragments suggest more breaks along the molecular 
chains. 
The coating, when applied to 75 x 75 mm squares of PMMA, was also tested using a cone 
calorimeter at 35 kW/m2 with no source of ignition in order to study the effect the inclusion of 
calcium silicate had on its flame retardant properties. The results of this are shown in Table 5.29 and 
Figure 5.40. 
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Table 5.29: Cone calorimeter results for coatings applied to PMMA substrate tested at 35kW/m
2 
with no 
source of ignition 
Sample  Coating 
Thickness 
(mm) 
Char Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH  
(s) 
THR 
PMMA - - 90 ± 3 204 ± 5 863 ± 25 147 ± 7 69.0 ± 4.0 
PMMA-
PVPA 
0.42 ± 0.12 17.59 ± 3.75 321 ± 101 774 ± 120 205 ± 22 443 ± 93 88.3 ± 7.8 
PMMA-
PVPA-CaSi 
5% 
0.63 ± 0.04 28.16 ± 3.26 455 ± 166 1152 ± 40 154 ± 15 535 ± 185 47.7 ± 27.9 
 
a 
 
b 
 
Figure 5.40: a) HRR vs time and b) mass loss vs time graphs of coated PMMA at 35 kW/m
2 
with no source of 
ignition 
 As shown in Figure 5.40 there is a significant variation in the time to ignition between the 
two calcium silicate containing samples. This may be due to the uneven dispersion of the calcium 
silicate throughout the PVPA, due to the solid clumping and the manual mixing which was used in 
the coating synthesis. However the addition of calcium silicate does reduce the peak heat release 
and total heat release of the coating and results in a greater amount of mass remaining after cone 
calorimeter testing. This is possibly due to the formation of a more solid ceramic char across the 
surface of the sample, affording greater protection from heat to the substrate below. Some of the 
favourable flame retardant properties may also be attributable to the increased thickness of the 
coating causing slower penetration of the heat from the cone calorimeter to the substrate 
underneath. 
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Figure 5.41: Images of chars from PVPA-CaSi 5% applied to PMMA after cone calorimeter testing 
 As shown in Figure 5.41 the PVPA-CaSi 5% char has a much smoother surface than is seen in 
the other chars. There is also some white speckling which can be seen in Figure 5.41, particularly on 
the second char on the right of the image. These white specks may be evidence of silica formation, 
or potentially calcium still present in the char due to its thermal stability.  
 Had more time been available then further samples of PVPA-CaSi 5% applied to PMMA 
substrate could have been synthesised and tested in order to given greater confidence in the results 
and thus the flame retardant character of PVPAa-CaSi 5%. Other methods of mixing the calcium 
silicate into the PVPA could also have been studied in order to give a more uniform mixture. 
 
 Further investigation of the thermal degradation of the coating was carried out using 
thermogravimetric analysis on a small piece of the coating synthesised in the absence of any 
substrate. Analysis ran between RT and 900°C with a heating rate of 10°C per minute. The results of 
this are shown in Table 5.30 and Figure 5.42. 
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Table 5.30: TGA results for PVPA and calcium silicate containing plaques under air, with a heating rate of 10°C 
per minute from RT to 900°C 
Sample 
Decomposition 
Stage 
Temp 
Range (°C) 
Mass Loss 
(%) 
Residue at 
750°C (%) 
DTG 
Peak (°C) 
DTA Peak 
(Exo) Onset 
(°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA- 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
CaSi 5% 
Stage 1 RT - 193 5.2 
13  
- - - 
Stage 2 193 - 287 7.5 - 192 201 
Stage 3 287 - 422 11.4 - 287 395 
Stage 4 422 - 782 62.9 425 422 538 
 
 
Figure 5.42: TGA Curves for PVPA-CaSi 5% and PVPA plaques under air, with a heating rate of 10°C per minute 
from RT to 900°C 
As can be seen in Table 5.30 in the calcium silicate containing plaque there is less mass lost 
in Stages 1 and 2 when compared to PVPA mass loss in Stage 1. During Stage 3 of the PVPA-CaSi 5% 
decomposition there is a greater percentage of mass loss than there is in Stage 2 of the PVPA 
decomposition which occurs at a comparable temperature range. This stage of decomposition for 
PVPA-CaSi 5% also begins at a lower temperature than the PVPA, but spans a greater range of 
temperatures than for PVPA suggesting that this is a more prolonged decomposition and release of 
water. This larger mass loss may also be the reason for the greater height of char seen in the PVPA-
CaSi 5% sample compared to the PVPA sample when exposed to the cone calorimeter (see Table 
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5.26 and Figure 5.40). In the final oxidation stage PVPA-CaSi demonstrates a lower mass loss percent 
than PVPA, with a greater end residue. The greater residue is due to the thermally inert calcium 
silicate inclusion, however is slightly greater than a simple addition of 5% to the residue percentage 
left by PVPA alone suggesting some additional stability being imparted to the PVPA. This stage also 
covers a slightly greater range of temperatures than the PVPA, further adding to the possibility that 
calcium silicate adds some thermal stability to the PVPA thus causing a slower rate of 
decomposition.   
5.3.4. PVPA Coating Containing Chitosan 
Chitosan was included into the coating formulation both using a sol-gel type mixture [102] 
and as a small percentage as a solid. Chitosan was chosen to include within the coating with a view 
to improve hydrophobicity as chitosan is only soluble in acidic mediums; it also contains amine and 
amide groups which may also help improve flame retardance and are also a key part in the 
intereaction between the vinyl phosphonic acid and chitosan through an acid-base interaction 
between the amine groups of chitosan and and the acid groups of VPA. 
Table 5.31: Tape Pull and Water Soak tests for PVPA-Chitosan sol gel samples 
PVPA-Ch Sample Type Tape Pull Test (PMMA) 
% Mass Loss 
Water Soak Test (Plaque) 
% Mass Loss 
Sol-Gel 96 37  
 
When used as part of a sol-gel type mixture as described in Section 5.1.7 the PVPA-Chitosan 
gel created was capable of forming a thin film, which proved to have good resistance to water with 
only 37% of the coating dissolved following twenty-four hour soaking time. However when this 
coating was applied to a PMMA substrate there was very poor adhesion to the surface of the PMMA, 
with 96% of the coating lost during tape pull testing. As such this formulation proves to be 
unsuitable for use as a coating for PMMA despite the relatively good results from the water soak 
testing.  
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Figure 5.43: PVPA-Chitosan sol gel films before and after water soak testing 
Owing to the excellent water resistance the coating was again tested as part of a layered 
application where a base layer of PVPA was followed by a layer of chitosan solution (as described in 
Section 5.1.7), followed by another layer of PVPA and finally a final top layer of chitosan solution. 
The results for the durability testing done on these samples is given in Table 5.32. This solved the 
problem of adhesion to the surface with only 0.03% of the coating mass lost during tape pull testing, 
however the water soak results were less than desirable with the coating cleaving from the surface 
of the substrate during the test owing to deformation and shrinking of the chitosan containing layer 
leaving the base PVPA layer open to attack from water. 
 Table 5.32: Tape Pull and Water Soak tests for PVPA-Chitosan layer by layer samples 
PVPA-Ch Sample Type Tape Pull Test (PMMA) 
% Mass Loss 
Water Soak Test (PMMA) 
% Mass Loss 
Layer by Layer 0.03 100  
 
The chitosan powder was then used as a solid additive in the VPA mixture described in 
Chapter 3, Sections 3.3.2 and 3.3.5 in 10% and 20% by weight additions. When used in this way the 
chitosan and VPA mixture formed a solid plaque and coating, though the surface had a slightly rough 
texture and the chitosan was visible as a finely dispersed solid. In the 20% by weight addition the 
viscosity of the coating was increased to the degree that it became more like a paste than an easy to 
apply coating, leading to a greater mass of coating required on the surface of the substrate in order 
to obtain full coverage of the surface.  
In order to characterise the coating an FTIR scan was taken of a plaque of each of the 10% 
and 20% chitosan containing samples, the curves from the scans of both the plaques are given in 
Figure 5.44: 
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Figure 5.44: FTIR scan curves for plaques of PVPA-Ch 10% and PVPA-Ch 20% 
 As shown in Figure 5.44 the two separate curves are of the same shape, thus giving the same 
key characterising peaks such as P-O-H at 910 and 978 cm-1 and P=O at 1100 cm-1, with the PVPA-Ch 
20% having more pronounced peaks due to the increase in the amount of chitosan in the plaque. 
This shows that both coating plaques have undergone the same interactions during curing and have 
formed the same type of amine salt like end product, with only the quantity of chitosan in the 
plaque differing. 
The two formulations of coating were also analysed using thermogravimetric analysis in 
order to more closely study their thermal decomposition. The curves of the scans of plaques of both 
PVPA-Ch 10% and PVPA-Ch 20% as well as more detailed results are given in Figure 5.45 and Table 
5.33. 
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Table 5.33: TGA results for PVPA and Chitosan containing plaques under air, with a heating rate of 10°C per 
minute from RT to 900°C 
Sample 
Decomposition 
Stage 
Temp Range 
(°C) 
Mass Loss 
(%) 
Residue at 
750°C (%) 
DTG Peak 
(°C) 
DTA Peak 
(Exo) Onset 
(°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
Chitosan 
10% 
Stage 1 RT - 184 3.5 
0 
- - - 
Stage 2 184 - 270 8.4 - 184 205 
Stage 3 270 - 427 14 404 270 393 
Stage 4 427 - 768 74.1 - 427 552 
PVPA-
Chitosan 
20% 
Stage 1 RT -136 3.5 
0 
- - - 
Stage 2 136 - 338 17.1 - 136 201 
Stage 3 338 - 421 6.3 405 228 394 
Stage 4 421 - 787 73.1 - 421 553 
 
 
Figure 5.45: TGA curves for PVPA and Chitosan containing plaques under air, with a heating rate of 10°C per 
minute from RT to 900°C 
As shown in Table 5.30 and Figure 5.45 in the initial stages of decomposition between room 
temperature and 340°C the PVPA-Ch 10% loses less mass than PVPA alone though this early 
decomposition finishes by 270°C, whereas the PVPA-Ch 20% loses more mass than PVPA but this 
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decomposition stage lasts until 338°C. This is reversed during the second stage where the PVPA-Ch 
10% loses more mass than PVPA but PVPA-Ch 20% loses less. This suggests that the PVPA-Ch 10% 
should give a greater height of char, as this second stage is where the char formation usually occurs.  
Both plaques of the coatings and the coatings applied to thin strips of PMMA were tested for 
their durability using a tape pull test to test the adhesion of the coating to the surface and a water 
soak test to test the durability in water. The results of these tests are given in Table 5.34 and 5.35 
Table 5.34: Water soak and tape pull test results for PVPA-Ch coating applied to PMMA substrate 
Sample Tape Pull Test 
% Coating Lost 
Water Soak PMMA 
% Coating Lost 
PMMA-PVPA 0.04 89 
PMMA-PVPA-Ch 10% 0.67 24 
PMMA-PVPA-Ch 20% 0.25 30 
 
Table 5.35: Water soak test results for PVPA-Ch plaques 
Sample Water Soak Plaque 
% Mass Lost 
PVPA 16.1 
PVPA-Ch 10% 16 
PVPA-Ch 20% 29 
 
 As can be seen in Table 5.34 while the inclusion of chitosan into the coating did have a small 
negative impact on the adhesion of the coating to the surface of the substrate, there is still less than 
1% coating mass loss during the tape pull test. There is also a small negative effect on the water soak 
results for the plaque as seen in Table 5.35, however an increase in mass retention for the water 
soak results when applied to PMMA (Table 5.34). This suggests that the addition of chitosan slightly 
reduces the adhesion between the coating and the surface of the PMMA, possibly due to the large 
size of the chitosan molecules preventing as high a degree of bonding between the PVPA and the 
PMMA as is present in samples without chitosan. The chitosan’s large size may also interfere with 
cross linking between the PVPA chains, thus resulting in the greater percentage of mass lost during 
the water soak tests on the plaque. The decrease in mass loss during water soak testing on the 
coating applied to PMMA is possibly due to the hydrophobicity of chitosan creating a protective 
effect for the PVPA. Despite the increase in the mass retention on PMMA, the coating does appear 
to be peeling away from the surface of the substrate after water soak testing, most notably in the 
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PVPA-Ch 20% sample. This is shown in Figure 5.46. 
 
Figure 5.46: PMMA-PVPA-Ch 10% (top) and PMMA-PVPA-Ch 20% (bottom) coatings applied to PMMA after 
water soak testing 
 Cone calorimetry was also carried out on 75 x 75 mm PMMA samples coated with the 
chitosan containing coatings, as well as unmodified PVPA and uncoated PMMA to act as control 
samples. All samples were tested in duplicate. The results from these tests are given in Table 5.36 
and Figure 5.47. 
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Table 5.36: Cone calorimeter results for chitosan coated PMMA substrate in duplicate tested at 35kW/m
2
 
without source of ignition 
Sample  Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m²) 
PMMA - - 73 ± 6 184 ± 2 863.8 ± 6 150 69.0 ± 4.0 
PMMA-PVPA 
0.26 19.7 276 791 183.3 375 63.8 
0.3 21.6 401 832 197.0 520 54.5 
PMMA-PVPA-
Ch 10% 
0.27 13.3 - - 5.0 115 0.7 
0.25 15.9 602 1487 115.7 765 44.0 
PMMA-PVPA-
Ch 20% 
0.5 13.3 728 2014 69.5 1000 64.2 
0.47 15.4 387 1511 66.1 700 47.0 
 
a
 
b
 
Figure 5.47: Curves of HRR vs time (a) and mass vs time (b) results for chitosan containing PVPA coatings 
applied to PMMA in duplicate at 35kW/m
2
 with no source of ignition 
 As shown in Table 5.36 and Figure 5.47, the inclusion of chitosan into the PVPA coating 
reduces the PHRR and increases the TTI when compared to the PVPA coating without chitosan. The 
inclusion of chitosan also reduces the mass loss during cone calorimeter testing. Overall the best 
performance was that of the PVPA-Ch 20% 1, with the longest TTI at 728 s though the PHRR was 
slightly higher than that of PVPA-Ch 20% 2 at 69 kW/m2 compared to 66 kW/m2. The mass retention 
was also much greater for PVPA-Ch 20% 1. However some of this effect may be due to the thickness 
of the cured coatings, due to the high viscosity and thickness of the liquid coating, this thick coating 
creates a greater protective layer over the PMMA.  
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5.4. Conclusion 
Overall when all of the durability testing is taken into account there is some small 
improvement with the dibromostyrene, chitosan, acrylonitrile and magnesium oxide containing 
coatings. Though the addition of PDMS showed significant improvement in water soak testing of the 
plaque there was a large reduction in the adhesion of the coating to the surface of the PMMA. In 
cone calorimeter testing the magnesium oxide containing samples gave the greatest expansion in 
char height as well as some of the longest times to ignition (with some samples not igniting at all). 
This increase in time to ignition was also shared by the chitosan containing samples of PVPA-Ch 10% 
and PVPA-Ch 20%, which also gave some of the lowest peak heat release rate. 
 Overall when looking at the results from all of the modified coatings the most effective 
additives for PVPA were chitosan, with a 10% addition giving the best overall performance with 
respect to both cone calorimetry and durability, and magnesium oxide with a 1% addition by mass 
performing best overall.  
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Chapter 6. Use of Protective Top Coats 
over PVPA Flame Retardant Coating 
 
Owing to the poor water soak performance and hydrophilicity of the PVPA coating both 
when applied to substrates and when tested as plaques, protective surface top coatings were 
investigated as a method of improving the water soak performance without modifying the 
properties of the PVPA coating itself. The coatings chosen were; polyhexamethyldisiloxane 
(polyHMDSO) as it has previously been shown to improve hydrophobicity of PET [110], a 
polymerised network produced by hydrolysis of tetraethyl orthosilicate (TEOS) as this has also 
previously been reported in the literature to create hydrophobic surfaces [111][112] and is a readily 
available monomer, an alkane substituted calixarane (a class of water-insoluble cyclic phenolic 
oligomer) owing to its water insolubility and literature on the production of hydrophobic surfaces 
using calixarene applications [113], matte white vinyl acetate emulsion paint owing to both its 
hydrophobicity and its tendency to char in a flame, commercial silicone based waterproofing spray 
due to its primary use as a waterproofing agent, cellulose nitrate and cellulose acetate both due to 
their insolubility in water. 
6.1. Experimental 
PVPA coating on PMMA and plaques of PVPA coating without a substrate were prepared as 
described in Chapter 3, Sections 3.3.2 and 3.3.5. Once curing was complete different top coats were 
applied as discussed below: 
6.1.1. Polyhexamethyldisiloxane Coating over PVPA 
 The polyhexamethyldisiloxane (polyHMDSO) was applied over a PVPA coating on a substrate 
using plasma polymerisation. The plasma was generated using a Surfatron microwave cavity with a 
quartz plasma containment tube connected to a microwave generator (SAIREM) at 2.45 GHz with 
power output ranging from 0 to 300 W. Argon (99.99 % purity, 20 l/min flow) was passed first 
through HMDSO and then through the quartz tube where a glow was generated and ignited using a 
copper wire. The argon gas served as a carrier gas for the liquid HMDSO. The plasma generated was 
then passed slowly over the substrate once, using a 10 mm distance between the plasma and the 
sample causing formation of a polyhexadimethylsiloxane coating on the surface of the PVPA coating.  
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6.1.2. Tetraethylorthosilicate Polymerised over PVPA Coating 
 A silica network coating formed through the hydrolysis of tetraethylorthosilicate (TEOS) was 
applied to the surface of the fully cured PVPA on PMMA and PVPA plaque. TEOS (100 g) was mixed 
with ethanol (10 g), water (8.6 g) and dibutyltindiacetate (DBTA, 1 g) to create a solution which was 
sprayed onto the surface of a pre-cured PVPA coating using an atomiser spray bottle in a well 
ventilated fume cupboard. The samples were then heated in an oven at 80°C to remove ethanol and 
water. 
6.1.3 Calixarene Coating over PVPA Coating 
 A solution of 4-decan-calixa-4-ene (1%, 5%) dissolved in acetone (99% pure) was applied to 
the surface of the PVPA coating using two separate methods.  
In the first method a 1% solution of calixarene in acetone was prepared and the PVPA 
plaque or PVPA coated PMMA was dipped vertically into the solution for 5 seconds before drying in 
air and repeating five times.  
In the second method a dam was created around a sample of PVPA applied to a polymer 
substrate using a mouldable polymer clay (Play-Doh) and a 5% solution of calixarene in acetone was 
applied to the surface as a pool which coated the entire surface of the PVPA, before being left to air 
dry at room temperature. 
6.1.4. Matte White Poly (Vinyl Acetate) Emulsion Paint over PVPA Coating 
Aa commercial matte white poly (vinyl acetate) emulsion paint was applied to all exposed 
surfaces of a PVPA plaque or PVPA coated surfaces of the PMMA using a paint  brush. The paint was 
applied in two layers, with air drying between each layer. 
6.1.5. Commercial Waterproofing Coating over PVPA Coating 
 A commercial silicone based waterproof coating spray (Deichmann) was applied to all 
exposed surfaces of a PVPA plaque and a PVPA coating on PMMA  using an aerosol spray. The 
coating was applied in two layers with air drying between each layer.  
6.1.6. Cellulose nitrate Coating over PVPA Coating 
A commercial cellulose nitrate dissolved in ethyl acetate solvent (nail varnish, Makeup 
Academy, Superdrug) coating was applied to all exposed areas of a PVPA plaque and a PVPA coating 
on PMMA using a brush. The coating was applied in two layers, with air drying in between each 
layer.  
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6.1.7. Cellulose Acetate Coating over PVPA Coating 
 Solid cellulose acetate was dissolved in acetone in a 1 : 5 ratio by mass (cellulose acetate : 
acetone) to form an easily spreadable solution and then applied to the surface of a pre-cure PVPA 
coating using a brush. One coat of the coating was applied to all exposed areas of the PVPA on both 
plaques and coated PMMA samples, with drying in air at room temperature. 
6.2. Results and Discussion                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
6.2.1. Polyhexamethyldisiloxane Top Coating Over PVPA Coating 
Polyhexamethyldisiloxane (polyHMDSO) was applied over the PVPA coating using 
atmospheric plasma deposition as described in Section 6.1.1. This was done with the aim of 
increasing surface hydrophobicity and thus improving water soak test results; polyHMDSO has 
previously been shown to improve the contact angle of water on the surface of PET films in testing 
when applied using atmospheric plasma polymerisation [110]. The use of plasma polymerisation 
allows for a film of polymerised HMDSO to be applied to the surface, with the possibility of the 
plasma energy causing activation of the PVPA surface and encouraging chemical bonding between 
the HMDSO and the underlying PVPA. The overall additional thickness and mass from this top 
coating is negligible.  
A proposed mechanism for the plasma polymerisation is given in Figure 6.1, following the 
abstraction of methyl group and fragmentation of Si-O-Si theory as detailed by C. Chaiwong et al. 
[114] 
 
Figure 6.1: Proposed mechanism for plasma polymerisation of HDMSO 
The high energy of the plasma causes this fragmentation to form radicals which can then 
react with each other to form the polymer chain. It is theorised that the plasma may also have some 
effect on the underlying PVPA layer, possibly also causing some methyl abstraction here and thus 
resulting in the formation of ionic bonds between the polyHDMSO and PVPA.  
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Testing using a water drop showed promising hydrophobicity, as seen in Figure 6.2 where 
the contact angle of the water drop is much greater on the polyHMDSO treated sample. The contact 
angle is an easy way of measuring the relative hydrophobicity of a surface where contact angles of 
less than 90° denote high surface wettability whereas contact angles of greater than 90° denote low 
surface wettability [115]. In Figure 6.2 it can be seen that the contact angle of the water droplet on 
the surface increases after application of the HDMSO, thus demonstrating that the wettability of the 
surface decreases. 
 
Figure 6.2: Water drop test on a PVPA-HDMSO applied to PMMA 
 
After water drop testing showed that the polyHDMSO imparted some hydrophobicity to the 
surface further testing was done on the coating when applied to a PMMA substrate, using both tape 
pull testing and water soak testing. The results of these tests are given in Table 6.1. 
Table 6.1: Tape pull and water soak test results of coatings applied to PMMA substrate 
  Sample Tape Pull 
% Mass loss 
Water Soak PMMA 
 % Coating loss 
PVPA 0.04  89  
PVPA-HMDSO 0.04  94  
 
As shown in Table 6.1 despite the initial improvement in hydrophobicity indicated by the 
water drop test, overall the results of the water soak tests showed no improvement in the durability 
of the coating. The reason for this could be that the siloxane (polyHMDSO) did not fully cover the 
surface, allowing water to break through and swell and dissolve the underlying PVPA. 
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 There was however no greater loss of mass in the tape pull test than seen previously in the 
PVPA sample (see Table 6.1. This result suggests a strong bonding interaction between the PVPA and 
the plasma polymerised HDMSO as there is no distinct loss of mass that would suggest that 
polyHDMSO had been removed from the surface. The strength of adherence between the 
polyHDMSO and the PVPA may be due to the effect of the plasma on the PVPA and the possibility of 
some ionic bonding between the two layers. 
In order to study the effect of polyHMDSO coat on flame retardant efficiency of the PVPA 
coating, 75 x 75 mm PMMA plaques coated with PVPA and PVPA-polyHMDSO  were tested using 
cone calorimetry at 35 kW/m2 . The samples were tested in duplicate and the results of these tests 
are given in Table 6.2 and Figure 6.3. 
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Table 6.2: Cone calorimeter results at 35 kW/m
2
 with no source of ignition for PMA, PMMA coated with PVPA 
and PMMA coated with PVPA-polyHMDSO starred samples denote those that ignited 
Sample 
Specimen 
No. 
Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI (s) TTFO (s) 
PHRR 
(kW/m
2
) 
TTPH (s) 
THR 
(MJ/m²) 
PMMA - - 
- 118 ± 21 224 ± 24 924 ± 21 153 ±10 45.4 ± 8.4 
 
P
V
P
A 
1 
2 
0.39 
0.45 
31 ± 2† 
96 
No ignition 
590 
- 
293 
- 
175 
- 
83.7 
0.2 
PVPA-
polyHMDSO 
1 
2 
0.44 
0.43 
32 ± 0† 
83 
No ignition 
699 
- 
227 
- 
290 
- 
83.5 
2.04 
† average for specimens 1 and 2 
a
 
b
 
Figure 6.3: HRR vs time (a) and Mass % vs time (b) curves for 75 x 75 mm PMMA samples coated using PVPA 
with and without a polyHMDSO top coating tested at 35 kW/m
2
 with no source of ignition 
As shown in Figure 6.3 and Table 6.2 one sample from each coating ignited (denoted with a 
*) whereas the other did not, hence the two curves and sets of data displayed. The use of a 
polyHMDSO top coating had a small effect on the fire performance of the PVPA coated PMMA 
sample, with a greater time to peak heat release rate, and also a slight reduction in peak heat 
release rate from 293 kW/m2 to 227 kW/m2. This is most likely due to the small amount of additional 
flame retardance imparted by the addition of the siloxane groups on the surface which would help 
to form a glassy barrier under the heat of the fire testing atmosphere, as polyHMDSO has HRR 
reducing effects lowering the HRR from 293 kW/m2 in PVPA to 227 kW/m2 in PVPA-polyHMDSO. 
There was also some difficulty in obtaining a perfectly uniform coating of the polymerised HDMSO 
from the plasma polymerisation application. Char height was not affected by the addition of the 
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polymerised HMDSO coating, as shown in Table 6.2. As seen above some of the samples ignited 
whereas some did not, this maybe be due to slight unevenness in the coating leading to exposure of 
some of the PMMA substrate underneath, particularly around the edges of the sample. This effect 
may be amplified in the siloxane coated samples as water soak testing suggests that the siloxane 
coating is not uniform across the entirety of the sample surface due to the relatively quick 
permeation of water through to the PVPA below. 
 
Figure 6.4: Post cone char images for PVPA coated with polyHDMSO 
 As shown in Figure 6.4 the char formed after cone calorimeter testing of PVPA-polyHDMSO 
applied to PMMA has an uneven surface topography with obvious holes. Due to this the char has 
poor structural integrity, and the presence of holes would prevent the char providing any real 
degree of protection to any underlying substrate. 
 
6.2.2. Tetraethyl Orthosilicate (TEOS)-based Top Coating Over PVPA 
Coating 
In this experiment TEOS was applied to the surface of a pre-cured PVPA coated PMMA 
sample using a spray method in the hopes of forming a water resistant silica top layer to protect the 
PVPA. During this process the TEOS hydrolyses in solution and forms a silica layer over the top of the 
PVPA catalysed by DBTA. A proposed mechanism for this reaction is given in Figure 6.5. 
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Figure 6.5: Proposed mechanism for the hydrolysis of TEOS into a silica coating 
A second solution was also made in which the ethanol was omitted to study the effect of this 
on the application of the coating, this solution was applied in the same way as the former. With both 
formulae it was difficult to achieve a uniform coating.  
 
The coating, when applied to PMMA, was first tested for resistance to tape pull and water 
soak testing, the results of these tests are given in Tables 6.3 and 6.4. 
 
Table 6.3: Tape pull and water soak results of PMMA coated with PVPA and PVPA-TEOS 
Sample 
Tape Pull Test 
% Coating Lost 
Water Soak PMMA 
% Coating Lost 
PVPA 0.04 89 
PVPA-TEOS 0.10 54.5 
 
 
Table 6.4: Water soak test results of PVPA and PVPA-TEOS plaques 
Sample 
Water Soak Plaque 
% Mass Lost 
PVPA 16.1 
PVPA-TEOS 15.6 
 
The TEOS-based silica coating improved the water soak results compared with those of the 
PVPA coating alone, reducing the mass loss from nearly 90% to less than 55%, a reduction of around 
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60% in mass lost. However, the addition of a silica coating increased the percentage of the coating 
lost in a tape pull test; it is possible that this increase in mass lost is due to loss of the silica coating 
instead of loss of the PVPA. This suggests that the silica did not bond well with the PVPA layer 
underneath. It is most likely that the bonding between the silica coating and the PVPA is hydrogen 
bonding, and such bonds are weak and easily broken. An example of the suggested bonding 
between the silica network and the PVPA is given in Figure 6.6. 
 
 
Figure 6.6: Proposed mechanism of interaction between silica top coat and PVPA layer 
Further analysis of the coatings water resistance was tested by performing a water soak test 
on a plaque of the coating independent of any substrate in order to analyse how much of the 
coating dissolved in water. As seen in Table 6.4 the TEOS did not significantly improve the mass 
retention of the coating, although there was a very slight reduction in the mass lost.  
 
A TEOS-based coating was then applied to 75 x 75 mm PMMA samples in order to test the 
flame retardant performance of the coating and its efficiency in protecting an underlying substrate. 
The coated PMMA samples were tested in duplicate using a cone calorimeter (see Chapter 3, Section 
3.6). The averages of the results from the duplicate tests are Table 6.5 and Figure 6.7. 
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Table 6.5: Cone calorimeter results for coated 75 x 75 mm PMMA samples tested at 35 kW/m
2
, no source of 
ignition 
Sample 
Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m²) 
PMMA - - 89 ± 3 275 ± 37 900 ± 44 150 ± 5 78.5 ± 0.4 
PVPA 0.42 ± 0.09 32 ± 6 
No 
ignition 
- - - 0.6 ± 0.2 
PVPA-TEOS 0.4 ± 0.05 19.4 ± 1.7 
No 
ignition 
- - - 0.3 ± 0.0 
 
a
 
b
 
Figure 6.7: HRR vs time (a) and Mass % vs time (b) curves for coated 75 x 75 mm PMMA samples tested at 35 
kW/m
2
 with no source of ignition 
In cone testing the samples in all cases did not ignite and there was a significant preservation 
of mass, this suggests that the additional silicon-containing groups from the TEOS improved flame 
retardance and thus prevented ignition of all samples as opposed to some samples igniting as seen 
with the PVPA coated PMMA samples. The extra silica layer however did reduce the expansion of 
the char by around 10 mm (around 31% of the expected height), possibly due to the additional mass 
and additional thickness of the coating owing to the presence of the silica layer forming a solid 
barrier which may be difficult for the relatively fragile char formed my PVPA to fully expand under. 
A plaque of the coating formula, independent of any substrate, was also tested using 
thermogravimetric analysis to closer study the thermal degradation of the coating. The results of this 
are shown in Table 6.6 and Figure 6.8: 
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Table 6.6: TGA/DTA Results for TEOS coated PVPA plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C 
Sample 
Decompositio
n Stage 
Temp 
Range (°C) 
Mass Loss 
(%) 
Residue  
At 750°C 
(%) 
DTG 
Peak (°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2  
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
TEOS 
Stage 1 RT - 218 9.2 
13.8  
- - - 
Stage 2 218 - 336 9.5 - 218 248 
Stage 3 336 - 419 11.3 - 336 392 
Stage 4 419-755 56.2 421 419 552 
 
 
Figure 6.8: TGA/DTA curves for PVPA and PVPA-TEOS plaques heated under air, with a heating rate of 10°C per 
minute from 50°C to 900°C 
 The PVPA-TEOS plaque when compared to the PVPA plaque shows a four stage thermo-
oxidative decomposition process compared to a three stage decomposition process. The exothermic 
DTA peaks show that this is a decomposition reaction, as it indicates either oxidation or a break-
down reaction. This first stage may be the silica itself decomposing or potentially the loss of any 
ethanol still present in the top coating after drying. As the first two stages of decomposition of 
PVPA-TEOS occur over the same temperature range as the first stage of PVPA decomposition it is 
144 
 
most likely that both of these correspond to the loss of water from the plaque, though PVPA-TEOS 
loses a greater percentage of its mass during this stage, again this may be loss of the silica from the 
surface. The second stage of decomposition between around 340°C to 420°C also gives greater mass 
loss in the PVPA-TEOS than the PVPA, though despite this mass loss there is a smaller char height. In 
the final oxidation stage of decomposition the mass loss rate for the PVPA-TEOS is slightly less than 
that of the PVPA, shown in Figure 6.8 as a less steep curve. This also results in a greater residue at 
the end of test from PVPA-TEOS than PVPA suggesting that the silica in the TEOS has formed a glassy 
layer which is more thermally stable than the PVPA, thus offering some protection at the higher 
temperature range to the underlying PVPA. 
 
Figure 6.9: Char image of the PVPA-TEOS coating applied to PMMA after cone calorimeter testing 
 As shown in Figure 6.9 the char from the PVPA-TEOS coated PMMA shows an irregular shape 
with evidence of some white specks in the char which may be the silica coating. The char also 
appears to be fairly solid, with no large obvious holes or crumbling. 
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6.2.3. 4-Decan-calixar-4-ene Top Coating over PVPA Coating 
Alkane substituted calixarenes (water-insoluble cyclic phenolic oligomers) are known to 
attach themselves to hydrophilic substrates producing a more hydrophobic surface [13]. The 
calixarene used here was 4-decan-calixa-4-ene (structure given in Figure 6.10), a four part ring 
structure with pendant decane groups. The 4-decan-calixar-4-ene was initially applied using a 
dipping method, however water soak results for this sample were poor so a different approach to 
coating was taken using a pool of calixarene solution on the surface. 
 
Figure 6.10: Structure of 4-decan-calixa-4-ene 
The results of the water soak tests on these calixarene treated samples are given in Table 
6.7: 
Table 6.7: Water soak test results for PVPA coated PMMA overcoated with the calixarene 
Sample Concentration of 
calixarene solution 
Application 
Method 
Water Soak PMMA  
% Coating Lost 
PVPA-Cx 1% 1% Dipping 79 
PVPA-Cx 5% 5% Pool 70 
 
As can be seen from Table 6.7, the water soak test results do not show any significant 
improvement following application of the calixarene compared with the PVPA coated samples 
without any calixarene overcoating (cf. data in Table 1). The PVPA-Cx 5% coated PMMA performs 
better than that treated with the PVPA-Cx 1% coated PMMA, but the improvement is marginal. The 
calixarene overcoated samples showed visual signs of pitting after application of the calixarene 
coating (see Figure 6.11) which may indicate that the calixarene was not uniformly coated on the 
surface and therefore did not completely prevent access of water to the PVPA undercoating.  
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Figure 6.11: Optical microscope picture of PVPA-Cx 5% coated PMMA surface 
Plaques of PVPA were made without an underlying substrate and both faces and all edges 
were coated using the calixarene solutions before subjecting the plaques to water soak testing. This 
was done in order to more closely study the effect of water soaking on the coating itself without the 
substrate and to enable further analysis of the coating using other methods. 
Table 6.8: Masses of PVPA plaques remaining undissolved following water soak tests 
Sample % Coating Undissolved 
PVPA 83.9 
PVPA-Cx 1%  84.3 
PVPA-Cx 5%  83.5 
 
 Samples of these coatings were also subjected to thermogravimetric analysis to study the 
thermal degradation steps undergone by the coatings. These results are shown in Table 6.9 and 
Figure 6.12: 
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Table 6.9: TGA/DTA results for PVPA and calixarene coated PVPA plaques under air, with a heating rate of 10°C 
per minute from 50°C to 900°C 
Sample 
Decompositio
n Stage 
Temp 
Range 
(°C) 
Mass 
Loss (%) 
Residue At 
750°C  
(%) 
DTG 
Peak 
(°C) 
DTA Peak 
(Exo) 
Onset 
(°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-Cx 1% 
Stage 1 RT - 324 16.7 
15.2 
- - - 
Stage 2 324 - 424 12 - 324 391 
Stage 3 424 - 769 56.1 427 424 561 
PVPA-Cx 5% 
Stage 1 RT - 329 19.5 
6.3 
- - - 
Stage 2 329 - 423 12.1 - 329 392 
Stage 3 423 - 731 62.1 425 423 563 
 
 
Figure 6.12: TGA/DTA Curves for PVPA and PVPA-Cx 1% and PVPA-Cx 5% plaques  
 The exothermic DTA peaks show that this is a two stage decomposition, as the exothermic 
peaks signify either an oxidation or a break-down reaction. During the first stage of degradation 
there is a similar percentage of mass loss from both the plain PVPA plaque and the PVPA-Cx 1% 
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plaque, whereas the PVPA-Cx 5% plaque has a slightly greater percentage mass loss. In the second 
stage of mass loss both the calixarene coated samples lose about the same percentage of their mass, 
both being about 3% greater mass loss than uncoated PVPA. For both the PVPA-Cx 1% and PVPA-Cx 
5% plaques this stage occurred at a slightly lower temperature than the PVPA plaque. In the final 
oxidation stage of decomposition both the PVPA-Cx 1% and PVPA-Cx 5% plaques lost less mass than 
the PVPA plaque, with the  PVPA-Cx 1% plaque losing the least mass. This may be due to the 
increased flammable load provided by a greater percentage of calixarene allowing a greater amount 
of decomposition, however as both samples lost less mass than PVPA this demonstrates some 
additional thermal stability at higher temperatures. This final decomposition stage also occurs over a 
similar temperature range to that of the PVPA plaque. 
 Due to the poor performance in water soak testing and lack of a significant quantity of the 4-
decan-calixa-4-ene it was not felt that the coating performed well enough to warrant further study. 
6.2.4. Matte White Poly(Vinyl Actetate) Paint Top Coating over PVPA Coating 
Matte white poly(vinyl acetate paint) was investigated as a potential top coating for the 
PVPA plaques to protect the underlying coating from water damage. Matte white paint was chosen 
due to the inclusion of titanium dioxide in the formulation in order to achieve the bright white finish, 
it was hoped that the titanium dioxide might impart additional flame retardancy to the paint. The 
paint was applied in two layers over all exposed surfaces of pre-cured PVPA and left to air dry 
between each layer. The addition of paint gave an extra coating thickness of approximately 0.3 mm 
and an additional mass of approximately 1.6 g on top of the mass of the PVPA coating.  
Water soak testing of PVPA plaques, synthesised without a substrate following the method 
as described in Chapter 3, Section 3.3.5 of this thesis and coated on top, bottom and all sides with 
two layers of paint was carried out with the residual undissolved mass being measured to investigate 
whether the plaque dissolves or merely breaks up in water, and therefore how much of the plaque 
remains intact in each case. This, and further analysis and characterisation of the residues, should 
provide information about the degree of protection afforded to the PVPA by the paint overcoat. As 
seen in the results in Table 6.8, there is very little difference between the painted and unpainted 
plaques of coating in terms of the amount of the coating retained after soaking. However the paint 
covered plaque did break up during soaking though the paint remained mostly intact and the 
fragments of the plaque were much larger than those seen in PVPA alone (see Chapter 4, Figure 4.6). 
This can be seen in Figure 6.13: 
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Figure 6.13: Paint covered PVPA  plaque after water soak test 
Water soak tests were also carried out using PVPA coated on PMMA which was the covered with 
poly(vinyl acetate) paint. This was done in order in investigate the ability of the coating to prevent 
osmotic rupture and flaking of the coating and thus its detachment from the PMMA surface. A 
sample of PMMA with only the paint as a coating was also tested for comparison purposes. The 
results of these tests are displayed in Table 6.10. 
Table 6.10: Water soak and tape pull results for coated PMMA samples 
Sample Tape Pull  
% Mass Lost 
Water Soak PMMA 
% Coating Lost 
PVPA 0.04 89 
PMMA-Paint Not tested 2 
PVPA-Paint 0.14 90 
 
Table 6.11: Water Soak Test results of PVPA-Paint plaques 
Sample Water Soak Plaque 
% Mass Lost 
PVPA 16.1 
PVPA-Paint 16.7 
 
As seen in Table 6.10, the paint is water resistant, with only 2% of the coating lost, however 
when looking at both Table 6.10 and Table 6.11 it does not offer much in the way of protection to 
the PVPA coating underneath. This is possibly due to the appearance of micro fissures in the painted 
coating allowing water to penetrate the PVPA layer underneath. Most probably the fissures are due 
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to the water content of the vinyl emulsion, causing it to damage the underlying PVPA coating as it 
dried.  
In water soak testing of the plaques there was a slight increase in mass lost with the PVPA-
Paint plaque, however this is such a small percentage increase it may just be due to the small 
variations in percentage cross linking between samples prepared in the same way. Or possibly a 
small transfer error due to the removal of the sample from the test beaker for drying.  
Tape pull testing was carried out on the coating when applied to a PMMA plaque, during this 
testing 0.14% of the coating was removed by the tape as shown in Table 6.8, with some evidence of 
white paint flakes adhered to the tape surface. This suggests that the mass loss from the coating is 
mostly that of the top paint layer. Due to this removal of small flakes of the paint coating, it suggests 
that the bonding between the paint and the underlying PVPA coating is weak, leading to relatively 
easy removal of the paint from the PVPA surface. This further supports the results seen in the water 
soak tests, where flakes of paint could be seen separated from the disintegrated PVPA, as shown in 
Figure 6.13. 
Both uncoated 75 x 75 mm PMMA plaques and PMMA plaques coated with the PVPA and 
matte white vinyl paint overcoatings were subjected to cone calorimeter testing at 35 kW/m2 with 
no ignition source. The samples were tested in duplicate and the averages of the results of these 
tests are given in Table 6.12 and Figure 6.14. 
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Table 6.12: Cone calorimeter results for samples tested at 35 kW/m
2
 with no source of ignition 
Sample  Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m²) 
PMMA - - 90 ± 3 204 ± 5 863 ± 25 143 ± 3 68.5 ± 1.4 
PVPA 0.30 ± 0.02 29.6 ± 6.3 
No 
ignition 
No 
ignition 
29 ± 19 373 ± 98 
6.6 ± 5.3 
PVPA-Paint 
0.65 ± 0.01 27.7 ± 0.08 
No 
ignition 
No 
ignition 
9.35 ± 3.66 258 ± 103 
1.5 ± 1.1 
 
a
 
b 
 
Figure 6.14: HRR vs time (a) and mass % vs time (b) curves for PMMA, PVPA coated PMMA and vinyl 
paint/PVPA coated PMMA 
 As can be seen from Figure 6.14, the paint does not impart any additional flame retardance 
to a PVPA coated PMMA sample, neither does it diminish the flame retardance of the underlying 
PVPA layer. There was no ignition in any of the tested samples, and very little variation in the mass 
retained by any of the samples. The prevention of ignition may be due to the reflective properties of 
the white paint causing the radiant heat from the cone to be reflected back away from the surface. 
The lack of difference is shown in the near perfect correlation of the two lines on the graphs in 
Figure 6.14.  
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Figure 6.15: Char from paint-coated PVPA 
 As seen in Figure 6.15, the char from the PVPA-Paint when applied to PMMA displays a very 
rough surface with clear granules across the char. The char also demonstrates a somewhat domed 
shape, with small holes in the char surface as shown in Figure 10, suggesting that this char may not 
be able to fully protect the underlying substrate.  
 A sample of the coating which had been synthesised as part of a plaque without any 
substrate was tested using TGA analysis in order to gain a better picture of how the coating 
decomposes when heated. These results are given in Table 6.13 and Figure 6.16: 
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Table 6.13: TGA/DTA results for PVPA and paint coated PVPA plaques under air, with a heating rate of 10°C per 
minute from 50°C to 900°C 
Sample 
Decompositio
n Stage 
Temp 
Range 
(°C) 
Mass 
Loss (%) 
Residue At 
750°C  
(%) 
DTG 
Peak 
(°C) 
DTA Peak 
(Exo) 
Onset 
(°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2 
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-Paint 
Stage 1 RT - 354 15.8 
42.8 
- - - 
Stage 2 354 - 417 5.4 - 354 394 
Stage 3 417 - 837 36 423 417 545 
 
 
Figure 6.16: Graph of TGA/DTA results of paint coated PVPA plaque 
 As shown in both Table 6.11 and Figure 6.16 the paint top coating gives a good degree of 
thermal stability to the PVPA coating due, presumably, to the thermally inert titanium oxide included 
in the paint. In the initial stage of decomposition there is a slightly smaller mass loss from the paint 
coated PVPA, 15.8% compared to 16.3% for uncoated PVPA. The second stage of degradation begins 
at a slightly higher temperature for the paint coated PVPA at 354°C and results in only 5.4% mass 
loss compared to 9.1% for the uncoated PVPA, this smaller mass loss also corresponds to a smaller 
char height after cone calorimeter testing for the paint coated PVPA sample. During the final 
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oxidation stage there is a large decrease in mass loss for the paint coated PVPA, with a much 
smoother mass loss vs. temperature profile. The final residue for the paint coated sample is 42.8%, 
compared to 5.2% for the unpainted sample, some of which may be due to the thermally stable 
titanium dioxide included in the paint which will not have decomposed, however this thermally 
stable coating should also have provided some protection to the underlying PVPA and protected it 
from the same degree of oxidation as seen in the uncoated PVPA. 
6.2.5. Silicone Based Waterproof Top Coating over PVPA 
A commercial silicone based waterproofing coating was obtained from Deichmann UK and 
applied to the surface of the PVPA coating on PMMA and PVPA plaques free from substrate  using an 
aerosol spray coating method. Two layers were applied in order to obtain full coverage of the PVPA. 
The commercially available waterproof coating was chosen as a method to test the use of silicon 
based top coatings suspended in a solvent. This was an expansion of previous work using silicon 
containing coatings which were applied using plasma, (HDMSO), or applied as an aqueous solution, 
(TEOS). As commercially available waterproofing sprays have been proven to work as a way of 
improving resistance to rain when used on footwear and clothing, this appeared to be a good route 
of investigation to discover whether they are capable of protecting the PVPA coating. If proved to be 
successful this raised the possibility of novel developments into new top coating as an expansion of 
existing technology. The addition of a waterproof spray coating produced an additional thickness of 
approximately 0.2mm and an additional mass of approximately 0.3g on top of the PVPA coating.  
The silicone based waterproof spray coating was characterised using FTIR spectroscopy prior 
to use in order to attempt to discover the formulation of the spray. The spectrum is shown in Figure 
6.17. 
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Figure 6.17: FTIR Spectrum of Deichmann waterproofing spray 
 As shown in Figure 6.17, the FTIR sprectrum of the spray does indicate the presence of 
silicone, as well as carbon and OH groups. This suggests that the composition of the spray is indeed 
that of a silicone suspended in an organic solvent. 
Water drop and water soak tests were carried out on small plaques of PVPA coating, with all 
surfaces coated with the commercial waterproofing spray (PVPA-WP). The results of these tests are 
given in Table 6.14 and 6.15. 
Table 6.14: Water soak and tape pull test results for PVPA and PVPA-WP coated PMMA 
Sample Tape Pull,  
% Mass Lost 
Water Soak PMMA  
% Coating Lost 
PVPA 0.04 89 
PVPA-WP 0.09 99.4 
 
Table 6.15: Water soak results for PVPA and PVPA-WP plaques 
Sample Water soak Plaque 
 % Mass Lost 
PVPA 16.1 
PVPA-WP 16.1 
OH 
(3300) 
CH, CH2, CH3 
(2960) 
CH2, CH3 
(1460) 
=CH 
(950) 
Si-OR? 
(1100) 
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In the water drop test there was no visible disintegration of the surface of the PVPA plaque 
(this can be seen in Figure 6.18), a marked improvement when compared with a PVPA plaque with 
no further treatment. After thirty minutes there was visible swelling of the surface of the PVPA 
plaque, suggesting some penetration of the water into the coating or the plaque underneath. 
However even after the water drop had evaporated there was no disintegration of the underlying 
plaque, with only the visible swelling noted during the progress of the test.  
 
Figure 6.18: Surface swelling of PVPA-WP after water drop testing 
The water soak test did show disintegration of the plaque in the same way as seen in the 
uncoated plaques, with large flakes of coating released into the solution. The mass left undissolved 
after the water soak test was 83.9% of the original plaque mass, which is comparable to the result 
for the uncoated PVPA plaque. 
Tape pull tests were carried out on the coating applied to a PMMA substrate in order to look 
at both the coating’s adherence to the substrate and also the adherence of the waterproof topcoat 
to the underlying PVPA. After tape pull testing, 0.09% of the coating was lost, although the evidence 
of residue that appeared on the tape suggested that at least some of the waterproof coating had 
been removed from the PVPA surface. This was further tested by repeating the water drop test after 
the tape pull test had been applied, as any significant differences between the coating performance 
before and after tape pull testing would suggest that the waterproof coating had indeed been 
removed by the tape. The repeated water drop test showed disintegration of the PVPA coating. 
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The coating was also tested for its resistance to fire using the cone calorimeter at 35 kW/m2 
with no ignition source. The PVPA coating was applied to 75 x 75mm squares of PMMA substrate 
and the waterproof spray coating was applied to the surface of the PVPA. The results of the cone 
calorimeter testing carried out on these samples is given in Table 6.16 and Figure 6.19 
Table 6.16: Cone calorimeter results for coated and uncoated 75 x 75 mm PMMA at 35 kW/m
2
 
Sample Coating 
Thickness 
(mm) 
Char Height 
(mm) 
TTI (s) TTFO (s) PHR 
(kW/m
2
) 
TTPH (s) THR 
(MJ/m²) 
PMMA - - 85 ± 7 278 ± 31 900 ± 40 147 ± 7 69 ± 4 
PVPA 0.42 ± 0.12 17.59 ± 3.75 321 ± 101 774 ± 120 205 ± 22 443 ± 93 88.3 ± 7.8 
PVPA-WP 0.61 ± 0.10 21.61 ± 0.85 405 ± 182 928 ± 101 186 ± 10 543 ± 108 58.1 ± 15.3 
WP = waterproof coating 
All results are displayed as the average of two  specimen 
a
 
b 
 
Figure 6.19: HRR vs time (a) and mass % vs time (b) curves for coated and uncoated 75 x 75 mm PMMA 
samples at 35 kW/m
2
 
 As can be seen in Figure 6.19, there is a large discrepancy between the results for the tests 
on the two waterproof coated samples. This may be due to an uneven distribution of the waterproof 
coating, as the coating is applied using an aerosolised spray and the droplets of spray may be of 
varying sizes or contain different quantities of the active waterproofing agent. However the overall 
peak heat release rate was less than that from the PVPA coating alone with the use of the additional 
waterproofing layer. The total heat release of PVPA-WP was also marginally lower than that of PVPA, 
this suggests that there is no negative effect from the use of a silicone based waterproofing spray 
and it may even have some benefit to flame retardance.  
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Figure 6.20: Char from PMMA samples coated with PVPA then treated with Deichmann waterproof spray 
 The chars, as shown in Figure 6.20, were very fragile with large holes which had allowed the 
substrate beneath them to be affected by the heat from the cone calorimeter and ignite, as can be 
seen from the visibility of the aluminium foil beneath the char. 
Further thermal analysis was carried out using a TGA scan to study the decomposition of the 
coating during heating. A small sample of the spray coated PVPA was taken from a plaque of the 
coating formed independent of a substrate and tested using thermogravimetric analysis under air, 
with a heating rate of 10°C per minute from 50°C to 900°C. The results of this are shown in Table 
6.17 and Figure 6.21. 
Table 6.17: TGA/DTA results for PVPA and PVPA-WP plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C 
Sample 
Decomposition 
Stage 
Temp Range 
(°C) 
Mass Loss 
(%) 
Residue at 
750°C (%) 
DTG Peak 
(°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2  
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-WP 
Stage 1 RT - 344 16.7 
16 
- - - 
Stage 2 344 - 425 10.7 - 344 393 
Stage 3 425 - 730 56.6 429 425 544 
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Figure 6.21: TGA/DTA curves for PVPA plaque with no top coating and PVPA plaque with a commercial 
waterproof coating 
 As shown in Table 6.15 and Figure 6.21 both the uncoated and top coated PVPA had very 
similar degradation mass vs. temperature profiles, losing about the same percentage mass in the 
first stage over approximately the same temperature range. The exothermic DTA peaks show that 
this is a decomposition reaction, as it indicates either oxidation or a break-down reaction. The 
second stage of degradation for both PVPA and PVPA-WP plaques also occurred over about the 
same temperature range, with the PVPA-WP plaque losing 1.6% more mass than the PVPA plaque. 
This corresponds to a greater char height in the PVPA-WP after cone calorimeter testing. The final 
degradation stage is where the difference between the behaviours of the two samples is most 
visible; however, as there is much less mass lost in the PVPA-WP plaque and this degradation 
finishes at a temperature 20°C cooler than the PVPA plaque. This suggests a greater thermal stability 
for the PVPA-WP plaque than the PVPA plaque. 
6.2.6. Cellulose nitrate Top Coating over PVPA 
 A commercial solution of cellulose nitrate in ethyl acetate was used as a waterproofing top 
coating on the surface of the PVPA coating. Despite being highly flammable, commercial 
preparations of cellulose nitrate in ethyl acetate are commonly sold as nail varnish, which has a long 
and proven track record of being insoluble in water and thus may be able to protect the underlying 
PVPA layer. Since thin layers were being applied to the surface it was hoped that the cellulose nitrate 
would undergo flash ignition and burn away very rapidly, without having any significant detrimental 
impact on the underlying PVPA. This commercial solution was chosen as a basic coating with view to 
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modification if it was proven successful in protecting the PVPA plaque from dissolution/swelling in 
water. The cellulose nitrate solution was also chosen so as to investigate any potential it may have in 
improving the strength of the char formed after burning of the PVPA coating. The coating was 
applied in two layers using a brush, in order to ensure full coverage and to try to erase any small 
gaps in the coating on uneven areas around the edge of the plaque. The addition of a cellulose 
nitrate top coat gave an additional mass of approximately 0.3g and an additional thickness of 
approximately 0.03mm on top of the PVPA coating. The samples which have been top coated with 
cellulose nitrate are denoted PVPA-CN 
 Durability testing in the form of tape pull, water drop and water soak tests was carried out 
on the coating both as a plaque and when applied to a PMMA substrate, and the results of these 
durability tests are given in Table 6.18 and 6.19.  
Table 6.18: Tape Pull and water soak test results for PVPA and PVPA-CN coated PMMA 
Sample Tape Pull,  
% Mass Lost 
Water Soak PMMA  
% Coating Lost 
PVPA 0.04 89 
PVPA-CN 2.5 91.4 
 
Table 6.19: Water soak test results for PVPA and PVPA-WP plaques 
Sample Water Soak Plaque 
 % Mass Lost 
PVPA 16.1 
PVPA-CN 13.6 
 
 In the water drop testing there was no swelling or damage of the PVPA-CN plaque 
throughout the course of the test, from initial application of the water drop until the water drop had 
evaporated. In water soak testing where the cellulose nitrate coating had been applied to all 
surfaces of the PVPA-plaque (top, bottom and sides), there was disintegration of the plaque, but the 
cellulose nitrate coating was still visible as a whole piece which suggests that there was a small gap 
in the coating most likely at the edge where the surface of the PVPA was uneven and thus difficult to 
ensure a full coating of the plaque between application and drying of the coating. The flakes of 
plaque appeared to be large distinct pieces after drying as shown in Figure 6.22. The total 
percentage of original mass retained after the water soak test was 86.4%, which is an improvement 
on uncoated PVPA and combined with the water drop test results, which showed no degradation of 
the surface, suggests that cellulose nitrate as a coating would provide good water soak protection if 
161 
 
applied in an optimal manner. 
 
Figure 6.22 Cellulose nitrate coated PVPA plaque after soak 
 In water soak testing, a cellulose nitrate treated PVPA coated PMMA substrate lost 91.4% of 
the coating mass from the surface of the PMMA. However a layer of cellulose nitrate was still visible 
on the surface of the PMMA, suggesting that there had been a poor adhesion between the PVPA 
coating and the cellulose nitrate top coat, which allowed the water to penetrate and cause 
fragmentation of the PVPA layer underneath.  
Tape pull tests were also carried out on the PVPA overcoated with cellulose nitrate when 
applied to a PMMA substrate, in order to investigate the adherence of the coating to the substrate 
and of the cellulose nitrate topcoat to the underlying PVPA. After the tape pull test 2.5 % of the 
coating was lost and there appeared to be a layer of the cellulose nitrate adhered to the surface of 
the tape, suggesting that there is not a good bond between the coating and the underlying PVPA. 
This was confirmed when in a water drop test carried out after the application of a tape pull test, the 
water drop started to dissolve the PVPA instead of sitting on the surface as was seen with earlier 
water drop tests performed prior to application of the tape pull test.  
 The flame retardancy of the coating was also tested using a cone calorimeter. The testing 
was carried out on 75 x 75 mm samples of PMMA coated with first PVPA and then with the cellulose 
nitrate (two coats, applied using a brush), at 35 kW/m2 with no source of ignition. All tests were 
done in duplicate. These results are given in Table 6.20 as averages of the two samples and Figure 
6.23 where PVPA-CN denotes the cellulose nitrate top coated sample. 
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Table 6.20: Cone calorimeter results for coated PMMA samples tested at 35 kW/m
2 
with no source of ignition 
Sample Coating 
Thickness (mm) 
Char Height 
(mm) 
TTI (s) TTFO (s) PHR 
(kW/m
2
) 
TTPH (s) THR 
(MJ/m²) 
PMMA - - 85 ± 7 278 ± 31 900 ± 40 147 ± 7 69.0 ± 4.0 
PVPA 0.42 ± 0.12 17.59 ± 3.75 321 ± 101 774 ± 120 205 ± 22 443 ± 93 88.3 ± 7.8 
PVPA-CN 0.33 ± 0.02 20.88 ± 0.21 250 ± 32 734 ± 54 217 ± 19 415 ± 10 65.4 ± 2.1 
a
 
 
b  
Figure 6.23: HRR vs time (a) and mass % vs time (b) curves for coated PMMA samples at 35kW/m
2
 with no 
source of ignition 
 As can be seen in Figure 6.23, though the PVPA-CN had a TTI that was within the variational 
bounds of the PVPA it displayed a shorter average time to ignition than the PVPA, this is most likely 
due to the flammability of the top-coating allowing it to flash ignite and burn off within a relatively 
short period of time. The variation between the two samples seen here is likely due to the 
application technique causing a slightly uneven coating on the surface. Overall, however, despite the 
flammability of the cellulose nitrate the overall flame retardancy of the PVPA coating has not been 
severely compromised, with the peak heat release being within the error bounds of the PVPA coated 
PMMA alone and the total heat release of the PVPA-CN being lower than that of PVPA. 
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Figure 6.24: Cellulose nitrate coated PVPA char 
 As can be seen in Figure 6.24, the char once more shows an uneven surface topography as is 
visible in many of the other char images. The char also has some large holes, suggesting a low 
structural integrity and allowing the substrate beneath the char to ignite and be burned away by the 
heat of the cone calorimeter. 
Further thermal analysis of the coating was carried out used TGA/DTA analysis, heating 
between 50°C and 900°C in air at a 10°C per minute heating rate. This analysis was carried out on a 
plaque of PVPA without a substrate to which a commercial cellulose nitrate based coating had been 
applied to all exposed PVPA surfaces. The results are shown in Table 6.21 and Figure 6.25:  
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Table 6.21: TGA/DTA results for PVPA and PVPA-CN  plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C 
Sample 
Decompositio
n Stage 
Temp Range 
(°C) 
Mass 
Loss (%) 
Residue at 
750°C  
(%) 
DTG 
Peak (°C) 
DTA Peak 
(Exo) 
Onset (°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2  
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-CN 
Stage 1 RT - 364 19.8 
2.2  
- - - 
Stage 2 364 - 422 10.1 - 364 392 
Stage 3 422 - 718 67.9 425 422 544 
 
 
Figure 6.25: TGA/DTA curves for PVPA and PVPA-CN plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C 
 As shown in Table 6.19 and Figure 6.25 the PVPA-CN sample has a lower thermal stability 
than the uncoated PVPA with a greater degree of degradation. The exothermic DTA peaks show that 
these stages are decomposition reactions, as it indicates either oxidation or a break-down reaction. 
In the first stage of decomposition there is a greater temperature range over which this occurs for 
the coated PVPA, corresponding to a 3.5% increase in mass lost. In the second stage of degradation, 
which finishes at a similar temperature to the uncoated PVPA, the PVPA-CN only loses 1% more 
mass than the uncoated, and gives a similar char height. The final oxidative stage of decomposition 
for coated PVPA finishes at a 32°C cooler temperature than uncoated PVPA, but only loses 1.4% less 
mass which when added to the mass loss from earlier stages results in a smaller residue left after 
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testing.    
6.2.7. Cellulose Acetate Top Coating over PVPA 
  In these experiments a top coating of cellulose acetate dissolved in acetone (in order to 
make a spreadable coating) was applied to the surface of PVPA plaques and PVPA coated PMMA 
samples using a brush. This was done in order to provide a water proof coating to the surface, as 
cellulose acetate is insoluble in water, to protect against damage during the water soak test. 
Cellulose acetate in particular was chosen as it was hoped that this would have a greater adhesion to 
the surface of the PVPA layer than that seen with cellulose nitrate (Section 6.2.6.) thus would not be 
so readily cleaved from the surface of the PVPA during the tape pull test. The addition of cellulose 
acetate as a top coat gave an additional thickness of approximately 0.12 mm and an additional mass 
of approximately 0.6g on top of the PVPA coating. The samples with a cellulose acetate top coat are 
listed throughout this section as PVPA-CA. 
 The thermal stability and decomposition behaviour of the coated plaques were tested using 
TGA/DTA, carried out on a small piece of a coated plaque. The results of this testing are given in 
Table 6.22 and Figure 6.26. 
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Table 6.22: TGA/DTA results for PVPA and PVPA-CA plaques under air, with a heating rate of 10°C per minute 
from 50°C to 900°C 
Sample 
Decomposition 
Stage 
Temp 
Range 
(°C) 
Mass 
Loss 
(%) 
Residue at 
750°C (%) 
DTG 
Peak 
(°C) 
DTA Peak 
(Exo) Onset 
(°C) 
DTA Peak 
(Exo) Max 
(°C) 
PVPA 
Stage 1 RT - 340 16.3 
5.2  
- - - 
Stage 2 340 - 422 9.1 391 340 391 
Stage 3 422 - 750 69.4 - 422 536 
PVPA-
CA 
Stage 1 RT - 245 9.6 
7.5 
- - - 
Stage 2 245 - 358 15.5 - 245 309 
Stage 3 358 - 427 9.9 - 377 394 
Stage 4 427 - 720 57.5 432 427 545 
 
 
Figure 6.26: TGA curves for PVPA and PVPA-CA plaques under air, with a heating rate of 10°C per minute from 
50°C to 900°C 
As seen in both Table 6.20 and Figure 6.26 the cellulose acetate coated PVPA shows a four 
stage decomposition pathway, as opposed to the three stage process as seen in the uncoated PVPA. 
With PVPA-CA the first and second stages of decomposition combined are roughly equivalent to the 
first stage of decomposition of PVPA as they cover a similar temperature range. In this early stage of 
decomposition, the PVPA-CA loses more mass than the uncoated PVPA, 25.1% mass compared to 
16.3% mass. This suggests that the PVPA-CA has less stability than PVPA at lower temperatures, 
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possibly due to the addition of acetone to create an easily spreadable coating lowering the thermal 
stability of the cellulose acetate (the usual degradation is 230 – 290°C and 310 - 370°C) [116]. 
However, unexpectedly the PVPA-CA loses more mass at this stage than the more flammable 
cellulose nitrate coated sample PVPA-NV.  There is also slightly more mass lost in the third stage of 
decomposition of the PVPA-CA, comparable to the second stage of PVPA decomposition, which is 
the intumescing stage. This is somewhat corroborated by the slightly greater height of char 
produced by the PVPA-CA samples after cone calorimeter testing (see Table 6.18). In the final stage 
there is less mass lost from the PVPA-CA than the PVPA alone, the PVPA-CA also leaves a greater 
residue than the PVPA. When compared to the PVPA-NV with cellulose nitrate coating the PVPA-CA 
also loses less mass and has a greater residue than this, which corresponds to the lower flammability 
of cellulose acetate when compared to cellulose nitrate.  
Durability testing in the form of tape pull tests on coated PMMA and water soak tests on 
both coated PMMA and plaques of the coating was carried out. The results of these tests are given 
in Table 6.23 and 6.24. 
Table 6.23: Tape pull and water soak test results for PVPA and PVPA-CA coatings applied to PMMA 
Sample 
Tape Pull 
% Mass Lost 
Water Soak PMMA 
% Coating Lost 
PVPA 0.04 89 
PVPA-CA 4.3 34.1 
 
Table 6.24: Water soak test results for PVPA and PVPA-CA plaques 
Sample 
Water Soak Plaque 
% Mass Lost 
PVPA 16.1 
PVPA-CA 14.3 
 
 As shown in Table 6.23 there is a significant improvement in the water soak tests results for 
the PVPA-CA on PMMA compared to PVPA on PMMA, suggesting some protection afforded by the  
cellulose acetate to the underlying PVPA layer. There is also a small improvement in the water soak 
results for the PVPA-CA plaque shown in Table 6.24, there was significant swelling of the plaque and 
cracking along the edge, which suggests that the mass loss was a result of insufficient coating along 
the outer edge. This swelling is shown in Figure 6.27 
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Figure 6.27: Swelling of PVPA-CA plaques after water soak testing 
 
 
The tape pull test also shows a marked increase in the percentage mass lost during the tests. 
This suggests that the cellulose acetate is being removed from the surface by the tape pull test, 
though possibly to a lesser extent than with cellulose nitrate. There is also evidence of the cellulose 
acetate top coating on the tape after the tape pull test is performed (shown in Figure 6.28), which 
further reinforces the idea that the mass loss is mainly of cellulose acetate removed from the 
surface.  
 
 
Figure 6.28: Tape surface after tape pull testing of PVPA-CA on PMMA  
 The flame retardance of the PVPA-CA applied to a PMMA substrate was tested using a cone 
calorimeter at 35 kW/m2 and the results of these tests are given in Table 6.25 and Figure 6.29 
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Table 6.25: Cone calorimeter results for PVPA and PVPA-CA coated 75 x 75 mm PMMA at 35 kW/m
2
 with no 
source of ignition 
Sample  Coating 
Thickness 
(mm) 
Char 
Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR (MJ/m²) 
PMMA - - 73 ± 6 184 ± 2 863.8 ± 6 150 69.0 ± 4.0 
PVPA 0.26 19.7 276 791 183.3 375 63.8 
 0.3 21.6 401 832 197.0 520 54.5 
PVPA-CA 0.43 26.1 476 875 176.9 615 52.1 
 0.38 18.5 708 1126 115.3 765 24.2 
 
a 
 
b 
 
Figure 6.29: HRR vs time (a) and mass % vs time (b) curves for coated 75 x 75 mm PMMA samples tested at 35 
kW/m
2 
with no source of ignition 
As shown in Figure 6.29 there was a distinct variance between the time to ignition and peak 
heat release rate for all samples tested, aside from the uncoated PMMA. This may be due to 
unevenness in the coatings, particularly that of the PVPA-CA due to the poor adhesion of cellulose 
acetate to the surface of the PVPA. However, overall there was a decrease in the PHRR and TTI in the 
PVPA-CA coated PMMA compared with those of PMMA with a PVPA coating. This shows that the use 
of a cellulose acetate top coating delays the ignition of the PVPA coated PMMA plaque from the 
PVPA without a top coating, suggesting that the cellulose acetate provides extra resistance to heat 
and increases the critical temperature needed to be reached for ignition to occur. The decrease in 
PHHR also suggests that the cellulose acetate top coating reduces the amount of heat given off from 
the sample by creating a less exothermic decomposition of the sample compared to that of PVPA 
alone. 
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6.3. Conclusions 
Overall looking at the durability tests of all the top coated samples show that the PVPA-
HDMSO had the best adherence to the surface of the PMMA substrate with the least mass removed 
during tape pull testing, this also shows that the HDMSO had the best adherence to the PVPA itself, 
possibly due to the effect of the plasma used to polymerise the top coating. The water soak tests 
showed the best performance from PVPA-CA and PVPA-TEOS, however none of the top coatings 
provided any significant improvement over PVPA alone. This suggests that the top coatings either do 
not fully cover the surface enough to prevent the entry of water, or that they do not have strong 
enough adherence to the surface of the PVPA to protect it after extended exposure to water. 
 In cone calorimeter testing all of the samples to which a top coat had been applied 
demonstrated some degree of improvement over PVPA alone, with the best overall performance 
across all the tested criteria coming from PVPA-TEOS and PVPA-Paint where none of the tested 
samples ignited, with PVPA-CA and PVPA-WP giving the best performance of the samples which did 
ignite. 
Overall when looking at the adhesion and water resistance of coating and the cone 
calorimeter results, the best performing samples were the PVPA-TEOS and PVPA-CA coated PMMA 
substrates. Whilst the latter did ignite, it had a greatly extended time to ignition as well as a reduced 
peak heat release. It also gave the best water soak test results. If the adhesion between the coating 
and the underlying PVPA could be improved CA could be an effective top coating in terms of both 
adhesion and flame retardant performance when used in conjunction with PVPA.    
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Chapter 7. Summary 
7.1 Introduction 
This chapter sums up all of the work done so far and any conclusions which may be drawn 
from the results obtained. Further work which could be done to progress the ideas and 
developments formed throughout the course of this project is discussed.  
The aim of this project as stated at the beginning of this thesis in Chapter 1 was “to develop 
a novel, environmentally friendly, polymerisable surface coating for polymers with flame retardant 
action in both the gas and solid phases” which then developed further into work to improve and add 
hydrophobicity to the refined coating. The initial development and refinement of a poly(vinyl 
phosphonic acid) (PVPA) coating is discussed in Chapter 4, with further modifications with a view to 
improve performance in both flame retardance and durability in the form of comonomers and 
additives as discussed in Chapter 5 and top coatings as discussed in Chapter 6. Throughout the 
course of this project the initial aim was fulfilled to a degree, with a novel polymerisable flame 
retardant surface coating being developed and then further refined and improved. However the 
project fell short on the final stage of this aim, to impart hydrophobicity to the coating. Whilst there 
were some improvements in the hydrophobicity and thus water soak test resistance of the coating 
when applied to a substrate, it never reached an effective degree of water soak resistance. Some 
research was also done into whether the coating dissolved or disintegrated in water, using water 
soak tests of plaques of a coating without a substrate.  
7.2 Summary 
 After studying all of the work done throughout the course of this thesis project it can be 
said that PVPA is an effective flame retardant for both poly(methyl methacrylate) (PMMA) and glass-
fibre reinforced epoxy resin (GRE), even prior to any modifications. This is shown in Chapter 4 as a 
significant degree of protection of both substrates; on GRE reducing peak heat release from around 
700 kW/m2 to around 375kW/m2 and increasing time- to- ignition to around 175 s from 96 s, and on 
PMMA reducing peak heat release from around 930 kW/m2 to around 290 kW/m2 or preventing 
ignition altogether.  
The modifications which were performed throughout this project have been shown to 
improve the flame retardance and durability, the results of which are more fully discussed in 
Chapters 5 and 6 with all results from all tests compiled in Tables 7.1, 7.2, 7.3 and 7.4. 
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A comparison of the additive and co-monomer containing coatings with regard to both 
durability and flame retardance is given in Tables 7.1 and 7.2.1 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
 
1
 Summary of definitions for abbreviations in tables: 
PVPA  Poly(vinyl phopshonic acid) 
DMVP  Dimethylvinylphosphonic acid 
DBS Dibromostyrene 
AN  Acrylonitrile 
PDMS Poly(dimethylsiloxane) 
MgO Magnesium oxide 
ZnCl  Zinc chloride 
CaSi Calcium silicate 
Ch Chitosan 
HMDSO Hexamethyldisiloxane 
TEOS Tetraethyl orthosilicate 
WP Silicone based waterproof spray 
CN Cellulose nitrate 
CA 
NX 
Cellulose acetate 
No cross-linker 
 
 
 
173 
 
Table 7.1: Compiled tape pull and water soak test results for all modified coatings 
Sample 
Tape Pull 
% Mass Lost 
Water Soak PMMA 
% Mass Lost 
Water Soak Plaque 
% Mass Lost 
PVPA 0.04 89 16.1 
DMVP-25:75 0.04 84 - 
DMVP-50:50 0.008  84 - 
DMVP-75:25 0.01 91 - 
DMVP-50:50B-50:50T 0  98  - 
DMVP-50:50B-100:0T 0.02  99  - 
DMVP-0:100B-100:0T 0.015  94  - 
DMVP-50:50B-50:50T 0  98  - 
DBS 0.05 0.5 - 
DBS-50:50 1.12 4.7 - 
DBS-NX 0.04 0.5 - 
DBS-50:50-NX 0.02 29 - 
PVPA-AN 0.89 47 19.8 
PDMS 100 - 0.2 
PDMS-10% VPA 60 - 4.6 
PDMS-20% VPA 25 - 10.2 
PDMS-10% PVPA - - 2.9 
PVPA-MgO 10% 0.09 40.2  22.6 
PVPA-MgO 5% 0.34 51.7  19.1 
PVPA-MgO 1% 0.19 54.0  18.0 
PVPA-ZnCl 1% - - 20.3 
PVPA-CaSi 5% 0.17 97 14.7 
PVPA-Ch 10% 0.67 24 16 
PVPA-Ch 20% 0.25 30 29 
- in table denotes where no data is available. 
As can be seen from Table 7.1 the only one of the additives and co-monomers which had a 
significant effect on the tape pull test results was PDMS which significantly worsened the results, 
most likely due to the inert nature of silicone preventing any bonding between the PDMS and the 
surface of the PMMA. In water soak testing there were several additives and co-monomers which 
reduced the mass lost after a 24 hr soak to less than 50%, however relatively few that reduced mass 
loss to a level which would maintain the flame retardance, with dibromostyrene (DBS) and chitosan 
(Ch) providing the greatest reduction in water soak mass loss. The reduction in mass loss from the 
DBS containing coatings is most likely due to the hydrophobicity of styrene which is the major 
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component of the monomer.  
Table 7.2: Compiled results for all cone calorimeter tests on modified coatings  
Sample  Coating 
Thickness 
(mm) 
Char Height 
(mm) 
TTI 
(s) 
TTFO 
(s) 
PHRR 
(kW/m
2
) 
TTPH 
(s) 
THR 
(MJ/m
2
) 
PVPA 0.42 ± 0.12 17.59 ± 3.75 321 ± 101 774 ± 120 205 ± 22 443 ± 93 88.3 ± 7.8 
DMVP-25:75 0.55 ± 0.02 20 ± 4.5 172 ± 5 511 ± 28 262 ± 35 205 ± 5 25.8 ± 1.7 
DMVP-50:50 0.36 ± 0.05 16 ± 1 196 ± 7 584 ± 20 281 ± 24 258 ± 23 34.1 ± 3.2 
DMVP-75:25 0.25 ± 0.01 13 181 ± 29 516 ± 17 308 ± 9 243 ± 18 36.0 ± 0.3 
DMVP-
50:50B-50:50T 
0.58 ± 0.06 16.5 ± 0.7 214 ± 6  695 ± 21 193 ± 7 293 ± 23 
29.8 ± 5.4 
DMVP-
50:50B-100:0T 
0.52 ± 0.13 23.2 ± 1.6 185 ± 46 615 ± 56 150 ± 33 240 ± 18 
18.7 ± 5.5 
DMVP-
0:100B-100:0T 
0.62 ± 0.05 35.7 ±12.5 
198 
- 
527 
- 
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11 
250 
225 
22.7 
2.9 
DBS 0.31 ± 0.02 No char 118 ± 9 242 ± 11 914 ± 36 160 ± 0 71.3 ± 2.0 
DBS-50:50 0.23 ± 0.03 No char 106 ± 13 220 ± 7 987 ± 4 160 ± 10 69.1 ± 4.4 
DBS-NX 0.18 ± 0.06 No char 154 ± 14 339 ± 1 1007 ± 11 180 ± 5 59.3 ± 5.5 
DBS-50:50-NX 0.19 ± 0.07 No char 109 ± 1 220 ± 2 954 ± 6 160 ± 0 79.3 ± 3.0 
PVPA-AN 0.50 ± 0.06 28.1 ± 5.8 385 ± 90 675 ± 39 247 ± 20 440 ± 55 43.2 ± 16.2 
PVPA-MgO 
10% 
0.67  33.6 519 775 449 525 
38.6 
PVPA-MgO 5% 0.53 33.7 378 659 343 425 62.3 
PVPA-MgO 1% 
0.44 
0.37 
35.7 
26.8 
723 
No sample 
ignition 
1028 
- 
257 
9 
765 
300 
37.7 
0.63 
PVPA-CaSi 5% 0.63 ± 0.04 28.16 ± 3.26 455 ± 166 1152 ± 40 154 ± 15 535 ± 185 47.7 ± 27.9 
PVPA-Ch 10% 0.27 13.3 - - 5.0 115 0.7 
 0.25 15.9 602 1487 115.7 765 44.0 
PVPA-Ch 20% 0.5 13.3 728 2014 69.5 1000 64.2 
 0.47 15.4 387 1511 66.1 700 47.0 
 
Of all of the additives and co monomers tested, those which gave the best overall 
improvement in performance over the unmodified PVPA coating were additions by mass of 10% 
chitosan and 1% magnesium oxide. The 10% chitosan gave an improvement on PVPA alone with a 
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reduction in peak heat release from around 190 kW/m2 to around 115 kW/m2 and increase in time- 
to-ignition from between 300 and 400s to around 600s. The addition of chitosan also gave a 
significant improvement in the water soak test results for the coating when applied to PMMA, 
resulting in only 24% mass loss compared to 89% for PVPA alone, while still retaining a less than 1% 
mass loss during tape pull testing. The addition of 1% magnesium oxide by mass also resulted in a 
reduction in peak heat release and delay in time to ignition, giving 257 kW/m2 and 723s respectively. 
Magnesium oxide also helps to improve the water soak test performance, resulting in 54% coating 
lost from PMMA substrate with a residue left behind, this means that the coatings which contained 
magnesium oxide are both more durable than the PVPA alone and were successful flame retardants 
which works towards one of the objectives of finding additives which improve the durability of the 
coating without imparting a negative effect on the flame retardance of it.  
In Tables 7.3 and 7.4 the results for all of the water soak, tape pull and cone calorimeter 
tests on PVPA coatings with a top coating are given to provide a comparison.  
Table 7.3: Compiled Tape Pull and Water Soak test results for all samples of PVPA with an additional top coat 
Sample 
Tape Pull 
% Mass Lost 
Water Soak PMMA 
% Mass Lost 
Water Soak Plaque 
% Mass Lost 
PVPA 0.04 89 16.1 
PVPA-HMDSO 0.04  94  - 
PVPA-TEOS 0.10 54.5 15.6 
PVPA-Paint 0.14 90 16.7 
PVPA-WP 0.09 99.4 16.1 
PVPA-CN 2.5 91.4 13.6 
PVPA-CA 4.3 34.1 14.3 
 
The only coatings which showed much increase in mass loss during tape pull testing were PVPA-CN 
and PVPA-CA, where it is most likely that some of the top coating was removed by the tape as 
opposed to any real effect on the underlying PVPA layer. The biggest improvement in the water soak 
testing durability when applied to PMMA substrate was from the PVPA-CA using a cellulose acetate 
top coating, with the PVPA-TEOS also giving a reasonable reduction in mass loss. PVPA-CN showed 
the greatest improvement in the water soak testing on a plaque with no substrate, however this was 
not replicated with the coating applied to substrate which suggests the bonding between the 
cellulose nitrate and the substrate was weak and allowed water to penetrate under the top coating 
and attack the PVPA, or that there were small gaps in the cellulose nitrate coating which allowed 
water to penetrate and cause larger voids in the top coating. 
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Table 7.4: Compilation of all cone calorimeter results for top coated samples 
Sample 
Coating 
Thickness 
(mm) 
Char Height 
(mm) 
TTI (s) TTFO (s) 
PHRR 
(kW/m
2
) 
TTPH (s) 
THR 
(MJ/m
2
) 
PVPA 0.42 ± 0.12 17.59 ± 3.75 321 ± 101 774 ± 120 205 ± 22 443 ± 93 88.3 ± 7.8 
PVPA-
HMDSO 
0.44 
0.43 
32 ± 0 
83 
No ignition 
699 
- 
227 
- 
290 
- 
83.5 
2.05 
PVPA-TEOS 0.4 ± 0.05 19.4 ± 1.7 No ignition - - - 0.15 ± 0.15 
PVPA-Paint 0.65 ± 0.01 27.7 ± 0.08 No ignition No ignition 9.35 ± 3.66 258 ± 103 1.4 ± 1.1 
PVPA-WP 0.61 ± 0.10 21.61 ± 0.85 405 ± 182 928 ± 101 186 ± 10 543 ± 108 58.0 ± 15.3 
PVPA-CN 0.33 ± 0.02 20.88 ± 0.21 250 ± 32 734 ± 54 217 ± 19 415 ± 10 66.3 ± 2.1 
PVPA-CA 
0.43 26.1 476 875 176.9 615 52.1 
0.38 18.5 708 1126 115.3 765 24.17 
 
Of the top coats, the TEOS and cellulose acetate were the best performing. The TEOS top 
coating prevented ignition in the tested samples, and also improved the water soak test results on 
the coating when applied to PMMA giving at 54.5% mass loss compared to 89% for PVPA with no top 
coating. Cellulose acetate when used as a top coating over PVPA gave the most significant 
improvement in water soak test results on a coating applied to PMMA of all of the samples tested 
throughout the course of the project, resulting in only 34.1% mass lost. Use of a cellulose acetate 
top coat also resulted in reasonable cone calorimeter testing results with approximately the same 
peak heat release rate but a delayed time to ignition when compared to PVPA with no top coating. 
TEOS, vinyl acetate paint and cellulose acetate top coats also gave the greatest reduction in total 
heat release, with the TEOS and Paint being the best performing in this respect. 
However, despite the improvements made using modifications of the PVPA coating there is 
still a significant problem with the water soak test results, even in the samples detailed above which 
gave the best of the water soak test results without any decrease in the effectiveness of the coating 
as a flame retardant. The percentage loss of the coating after water soak testing and the destruction 
of the integrity of the coating during water soak testing (better displayed in the post water soak 
images shown throughout Chapters 4 – 6) means that after long term exposure to water the coating 
is no longer an effective flame retardant. This poor water soak test result is due to a combination of 
the hydrophilicity of the coating and the effect of osmotic rupture. The osmotic rupture is shown 
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through the disintegration of the coating despite the low loss of overall mass when plaques were 
tested for whether they dissolved in water or not. The hydrophilicity of the coating is part of what 
attracts the water to it at first, allowing water molecules to penetrate and cause the swelling and 
then rupture of the coatings integrity. Overall it is this combination which causes the biggest 
downfall of the PVPA as a coating and thus it’s lack of success as a durable flame retardant. 
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Chapter 8. Conclusions and Further 
Work 
8.1. Conclusions 
 In conclusion this work has found an effective coating for both GRE and PMMA and 
throughout this project there have been some improvements for the PVPA coating in both flame 
retardance and resistance to the water soak test. The modifications which proved the most effective 
in improving the performance of the coating are additions of 10% chitosan, 1% magnesium oxide 
and top coatings of TEOS and cellulose acetate. The chitosan gave improvement in the water soak 
test possibly because of the fact it is only soluble in acids thus may have reduced the solubility of the 
coating if complexes have formed with the VPA. The improvements in the durability testing of the 
PVPA-MgO 1% may be due to the formation of metal phosphates which are insoluble in water. The 
possible formation of magnesium phosphates and metal complexes within the PVPA may also have 
helped improve the flame retardance of the coating. TEOS and cellulose acetate both formed a 
hydrophobic barrier over the surface of the PVPA coating which resisted water long enough to 
prevent access of water to the underlying PVPA thus delaying the attack of water and start of 
osmotic rupture. TEOS also prevented ignition, possibly due to the formation of a glassy barrier as 
the silica was heated. Cellulose acetate also showed delayed ignition and a slight decrease in heat 
release. 
 There were improvements shown regarding the water soak resistance of the coating in other 
samples, however some of these negatively affected the flame retardance of the sample. The 
inclusion of dibromostyrene showed a significant improvement in the water soak testing 
performance, most likely due to the lack of OH groups on the styrene reducing its hydrophilicity. 
However this improvement in water soak performance was negated by a detrimental effect on the 
flame retardance with a decrease in time to ignition and increase in peak heat release. The addition 
PDMS also showed a significant improvement in the water soak performance of the coating due to 
the silicone content, however the lack of adhesion to the surface resulted in this being discounted 
from further testing. 
 
 
179 
 
8.2. Further Work 
 If more time was available or this project was further extended it would potentially be a 
good idea to look into combinations of modification of the PVPA coating with an additional top 
coating, particularly those which proved most effective on their own. Good combinations for 
potential further study would be PVPA-Ch 10% with TEOS top coat, PVPA-Ch 10% with cellulose 
acetate top coat, PVPA-MgO 1% with TEOS top coat and PVPA-MgO 1% with cellulose acetate top 
coat. This could also be expanded into further combinations with other coatings that performed 
well, such as the other chitosan and magnesium oxide containing coatings. 
It would also be beneficial to look into more effective ways of adhering cellulose acetate to 
the surface of the PVPA coating, due to the less than ideal tape pull test results and given the 
impressive water soak resistance of this coating. This could potentially be done using atmospheric 
plasma to activate the surface groups, or perhaps through some kind of surface etching using 
sandpaper as previously used to help the PVPA coating adhere to the surface of the substrate. If this 
gave an improvement in the adherence of the cellulose acetate to the PVPA then it could potentially 
have a very positive effect on the overall water soak test results, especially if this was then combined 
with one of the modified coatings with good water soak and cone calorimeter testing performance. 
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